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Abstract

Neurons are a highly specialized cell type only found in metazoans. They can be scattered throughout the body or
grouped together, forming ganglia or nerve cords. During embryogenesis, centralized nervous systems develop from
the ectoderm, which also forms the epidermis. How pluripotent ectodermal cells are directed toward neural or epi-
dermal fates, and to which extent this process is shared among different animal lineages, are still open questions.
Here, by using micromere explants, we were able to define in silico the putative gene regulatory networks (GRNs)
underlying the first steps of the epidermis and the central nervous system formation in the cephalochordate amphi-
oxus. We propose that although the signal triggering neural induction in amphioxus (i.e., Nodal) is different from
vertebrates, the main transcription factors implicated in this process are conserved. Moreover, our data reveal
that transcription factors of the neural program seem to not only activate neural genes but also to potentially
have direct inputs into the epidermal GRN, suggesting that the Nodal signal might also contribute to neural fate com-
mitment by repressing the epidermal program. Our functional data on whole embryos support this result and high-
light the complex interactions among the transcription factors activated by the signaling pathways that drive
ectodermal cell fate choice in chordates.

Key words: EvoDevo, gene regulatory network, cell fate, amphioxus, neural induction.

Introduction Wilson et al. 2000; Linker and Stern 2004; Delaune et al.
2005), and the gene regulatory networks (GRNs) switched
on by these signals are still not completely unraveled.
Important insights into this question have been brought
by genome-wide approaches applied to cultivated stem
cells (embryonic or induced) (Sankar et al. 2016; Omrani
et al. 2018; Li et al. 2019), but such a system still does
not allow to apprehend the full picture of the process in
the whole embryo.

Vertebrates belong to the chordate phylum, which also
includes their sister group, the tunicates (Delsuc et al.
2006), and the cephalochordates clade (Bourlat et al.

The ectoderm of vertebrates gives rise to both the neu-
roectoderm, which later forms the central nervous system
(CNS), and the epidermis, which constitutes an epithelial
barrier protecting the embryo from the environment
(Gilbert 2000). How the ectodermal cells are directed to-
ward these two fates is a major question in developmental
biology. In the default model for neural induction in verte-
brates, ectodermal cells become neural by default, whereas
they acquire epidermal fate after bone morphogenetic
protein (BMP) signal activation (Hemmati-Brivanlou and
Melton 1997). In the whole embryo, the ventral region

of the ectoderm becomes epidermal because it receives 2006) (i.e,, lancelet or amphioxus). Contrary to vertebrates,
BMP signals (De Robertis and Kuroda 2004; Stern 2006; tunicate and cephalochordate epidermis have neurogenic
Ozair et al. 2013). In the dorsal region, the organizer pro- potential and form the so-called epidermal sensory
duces molecules antagonizing this BMP signal (such as cells (Torrence and Cloney 1982; Wicht and Lacalli 2005).
Noggin, Chordin, or Follistatin), allowing the dorsal ecto- In cephalochordates, induction of the neural plate is trig-
derm to acquire a neural fate (De Robertis and Kuroda gered as in vertebrates by a dorsal organizer that is absent
2004). However, some other instructive signals might be in tunicates (Garcia-Fernandez et al. 2007; Yu et al. 2007;
required depending on the species (Streit et al. 2000; Le Petillon et al. 2017). By using micromere/ectodermal
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explants and graft experiments combined with pharmaco-
logical treatments, we previously showed that this organizer
acts through the activation of the Nodal/activin signaling
pathway and that BMP signal inhibition is not sufficient
to trigger neural induction (Le Petillon et al. 2017).
Consistently, micromere explants in amphioxus stay in an
undifferentiated state when BMP signaling is blocked, de-
velop into epidermis when raised in seawater, and form
neural plate tissue when treated with activin. Here, we
took advantage of this explant-based system to decipher
the putative GRNs underlying ectodermal cell specification
in cephalochordates.

Results and Discussion

Neural Induction Potentially Implies Both the
Activation of the Neural GRN and the Repression
of the Epidermal GRN
We previously showed that amphioxus micromere explants,
produced by microdissection at the eight-cell stage, form epi-
dermis when raised in seawater, whereas they develop into
neural tissue when exposed to activin. In order to analyze
the gene expression and gene expression regulation at a global
scale during the process of the epidermis and nervous system
development, we generated RNA-seq and ATAC-seq data
from such explants collected at the time at which the whole
embryo reaches the gastrula stage (G5 stage, 11 h postferti-
lization [hpf] at 19°C), or at the time at which the whole em-
bryo reaches the neurula stage (N2 stage, 19 hpf at 19°C).

Differentially expressed genes with higher expression in
activin-treated explants (N =878, Log2(foldchange) > 2,
Padj < 0.05, supplementary table S1, Supplementary
Material online) at the G5 stage include Nodal/TGFJ/
BMP signaling pathway genes (Vg1, Chordin, Cerberus,
Lefty, Pitx, Ski), typical proneural genes (Elav, Neurogenin,
Insm) and orthologues of genes coding for proteins impli-
cated in axon guidance or neuronal migration (Sema6A,
Auts2, Slit1) and on the other hand, differentially expressed
genes with higher expression in untreated explants (N=
3,059, |Log2(foldchange)| > 2, Padj << 0.05, supplementary
table S1, Supplementary Material online) comprise ortholo-
gues of genes coding for proteins associated with the cyto-
skeleton, like two Keratin, as well as genes orthologous to
Vim, ActB, or Tekt3 and orthologues of Bin1, Eml1, Ky,
Lasp1, Mid1, Speg, and Tpm3. Tfap2 (AP2) and Fhi2 (Dral),
which are transcription factor/cofactor genes expressed
specifically in the presumptive epidermis of amphioxus em-
bryos (Schubert et al. 1998; Meulemans and Bronner-Fraser
2002), are also highly overexpressed in untreated explants.
The unique amphioxus Dlx gene, which is expressed in the
presumptive ectoderm before it touches the mesendoderm
at the beginning of gastrulation, and whose expression gets
restricted to the presumptive epidermis when both germ
layers contact each other (Holland et al. 1996), was also
overexpressed in untreated explants.

We used ATAC-seq to define accessible chromatin regions
representing potential regulatory regions. Among the more

2

accessible regions (N = 1,237, Padj<0.05, supplementary
table S2, Supplementary Material online) in activin-treated
explants at G5, 218 correspond to peaks associated with
upregulated genes and 36 to peaks in the vicinity of genes
underexpressed compared with untreated explants.
Similarly, among the regions more accessible in control em-
bryos (N=2,658, Padj<<0.05, supplementary table S2,
Supplementary Material online), 1,299 were associated
with the genes overexpressed in untreated explants, and
29 with genes that are more expressed in activin-treated ex-
plants. Overall, the majority of more accessible peaks hence
correspond to putative regulatory regions of genes that are
overexpressed or for which there is no significant expres-
sion difference between activin-treated and untreated
explants.

Combining the RNA-seq and ATAC-seq data, we se-
lected the following for further analysis: 1) genes upregu-
lated in activin-treated explants showing nearby genomic
regions that were more accessible in activin-treated ex-
plants, hereafter called “all neural (G5)” genes (N =158)
and 2) genes upregulated in control explants showing
nearby genomic regions that were more accessible in un-
treated explants, hereafter called “all epidermal (G5)”
genes (N =942) (fig. 1).

Gene Ontology (GO) term enrichment of “all neural
(G5)” genes shows that activin treatment affected several
signaling pathways and the expression of transcriptional
regulators (fig. 2a). Moreover, activating the Nodal/activin
pathway clearly directs the cells toward the neural program
(fig. 2a). On the other hand, analysis of “all epidermal (G5)”
genes shows that they are enriched in terms associated with
metabolism and exocytosis, suggesting that control explants
are more advanced in the differentiation process compared
with activin-treated explants (fig. 2b). The enrichment in
terms associated with chromatin modification in both
groups of genes indicates that neural and epidermal fate ac-
quisition are linked to different genomic structural remod-
eling processes. Altogether, these data are consistent with in
situ hybridization assays of marker genes and confirm that
activin treatment induces ectodermal pluripotent cell com-
mitment to neural fate, whereas untreated ectodermal ex-
plants develop into epidermis (Le Petillon et al. 2017).

In order to understand the regulatory logic downstream
of Nodal, we searched for putative transcription factor bind-
ing sites (TFBS) in the differentially accessible genomic re-
gions of “all neural (G5)” and “all epidermal (G5)” genes
(fig. 1). We first used HOMER to find enriched motifs that
were then compared with known TFBS in vertebrates.
Although we used a vertebrate database, it has been shown
that transcription factor (TF) binding specificities are highly
conserved in animals, even between species as evolutionarily
distant as human and Drosophila (Nitta et al. 2015). We
found that for the “all neural (G5)” genes, the more signifi-
cantly enriched motifs, which are also the more abundant,
correspond to putative binding sites for transcription factors
of the SOX family (supplementary table S3 and fig. S1,
Supplementary Material online). On the other hand, we ob-
served an enrichment in the “all epidermal (G5)” peaks in
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Fic. 1. Pipeline used for parallel analysis of ATAC-seq and RNA-seq data and for the putative GRN construction. The different steps presented
correspond to the analysis and putative GRN construction at the G5 stage. The numbers in the circles correspond to differentially expressed
genes (RNA-seq, blue for gene overexpressed in activin-treated explants, orange for genes overexpressed in untreated explants) or to differen-
tially accessible chromatin regions (ATAC-seq, blue for regions more accessible in activin-treated explants, orange for regions more accessible in
untreated explants). The detailed pipeline is presented on the left for the “all neural (G5)” genes (genes overexpressed in activin-treated explants

and showing more accessible peaks in activin-treated explants).

potential binding sites for GRHL, SMAD, KLF, and DLX fam-
ilies as the most significant (supplementary table S4 and fig.
S2, Supplementary Material online). In parallel, we also ran
RSAT and MEME-ChIP in order to define more robustly
the putative enriched TFBS (supplementary tables S5-5S10,
Supplementary Material online). We then used these
data to generate an in silico putative GRN for “all neural
(G5)” and “all epidermal (G5)” genes (see Materials and
Methods and fig. 1) by constructing a matrix of interaction
between TF belonging to the “all neural (G5)” or “all epider-
mal (G5)” gene sets and TF with potential TFBS in the differ-
entially accessible regions associated to these genes.

In the neural putative GRN, the Nodal pathway coeffec-
tor Smad4 controls most of the genes, among which SoxB1.
SoxB1 and Pou3 are placed just downstream in the cascade,
whereas Neurogenin is placed below, receiving inputs from
SoxB1, SoxC, SoxD, SoxE, and FoxA but not directly from
Smad4 (fig. 2¢). Most of the downstream genes are genes

expressed in the amphioxus organizer (FoxA, Gli, Gsc,
Vent, Zic) (Shimeld 1997; Neidert et al. 2000; Kozmik
et al. 2007; Gostling and Shimeld 2003; Shimeld et al.
2007), or in the presumptive neural plate (Snail, Otx,
Nkx2-1, Nkx6) (Williams and Holland 1996; Langeland
et al. 1998; Venkatesh et al. 1999) at gastrula stages.
SOXB1 family members are known in metazoans as playing
a major role during nervous system development. In the
cnidarian Nematostella, SoxB(2), which is orthologous to
SOXB1 and SOXB2 family members in bilaterians, is a
marker of neural progenitor cells (Richards and Rentzsch
2014). In Drosophila, SoxNeuro controls both the specifica-
tion of neuroblasts and the differentiation of neural and
glial cells (Ferrero et al. 2014). In the vertebrate Xenopus,
overexpression studies in ectodermal explants showed
that Sox1, Sox2, and Sox3 are sufficient for neural induction
and that Sox2 cooperates with Oct91 (also known as
Oct4 or Pou5f1) to maintain a neural progenitor identity

3
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Fic. 2. GO term enrichment and putative GRN for “all neural (G5)” and “all epidermal (G5)” genes. (a) GO term enrichment visualization for the
“all neural (G5)” gene list. (b) GO term enrichment visualization for the “all epidermal (G5)” gene list. For (a) and (b), GO terms that were not
connected to others are not represented. (c) Putative GRN constructed using the “all neural (G5)” gene RNA-seq and ATAC-seq data. (d)
Putative GRN constructed using the “all epidermal (G5)” gene RNA-seq and ATAC-seq data. In (c) and (d), the SMAD transcription factors
are in purple, the transcription factors that belong to the “all neural (G5)” genes are in blue, the transcription factors that are only overexpressed
in activin-treated explants are in light blue, the transcription factors whose expression is not different between untreated and activin-treated
explants are in gray, the transcription factors that belong to the “all epidermal (G5)” genes are in orange, the transcription factors that are only
overexpressed in untreated explants are in light orange. Edges between SMAD, SoxB1, DIx, and the other nodes are highlighted in color, the
others are in gray. Transcription factors that have the same combination of edges are grouped into unique nodes.

(Archer et al. 2011). However, SOXB1 members are also re-
cognized as factors implicated in pluripotency mainten-
ance or induction. Hence, Sox2 was described as a
factor able to transform somatic cells into induced

4

pluripotent stem cells in vertebrates when combined
with Oct4 (Pou5f1), Kif4, and Myc (Takahashi and
Yamanaka 2006). The position of SoxB1 at the top of the
neural putative GRN at G5 stage indicates that it could be
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the main TF controlling the early phase of neural develop-
ment in amphioxus, although it might also be implicated
in maintaining the presumptive neural plate cells in a pro-
genitor state.

In the epidermal putative GRN, Smad2/3-Smad4 are
predicted to regulate the most downstream genes. Grhl,
KIf1/2/4, and DlIx, which are orthologues of proepidermal
genes in vertebrates (Dirksen et al. 1994; Pera et al. 1999;
Segre et al. 1999; Hwang et al. 2011; Qiao et al. 2012;
Kotkamp et al. 2014; Miles et al. 2017; Li et al. 2019), are
placed at the top of the cascade. Tfap2 (AP2), which is
orthologous to Tfap2c known to encode an epidermal in-
duction factor (Qiao et al. 2012; Li et al. 2019), is placed be-
low. Among the downstream TFs, Rfx1/2/4 and FoxJ1 are
orthologues of known ciliogenesis regulators in vertebrates
(Thomas et al. 2010) consistent with the appearance of ci-
lia in ectodermal cells of the amphioxus embryo during
gastrulation. Although Pax4/6 and Six3/6 are referred to
as typical neural genes, in amphioxus, they are expressed
in the anterior epidermis together with Arpd2 (Glardon
et al. 1998; Kozmik et al. 2007; Albuixech-Crespo et al.
2017), and their presence in the epidermal putative GRN
might reflect the fact that the epidermal explants adopt
an anterior fate, consistent with the absence of the organizer.
Finally, concerning Gata1/2/3, it has been shown that Gata3
interacts with Tfap2a, Tfap2c, and Grhl2 during embryonic
stem cells differentiation into committed surface ectoderm
in vertebrates (Li et al. 2019). Ovol orthologues in vertebrates
are also known as regulators of epidermal fate determination
(Lee et al. 2014) and can drive differentiation of dermal fi-
broblasts into keratinocytes in combination with other epi-
dermal factors such as KIf4 or Grhl3 (Chen et al. 2014).
Moreover, Ovol factors are known to inhibit epithelial-
mesenchymal transition (EMT) (Saxena et al. 2020) and
neural induction (Zhang et al. 2013).

Itis to be noted that some genes that are overexpressed in
activin-treated explants compared with untreated explants
code for TFs that have binding sites in more accessible chro-
matin regions of some “all epidermal (G5)” TFs. This is the
case of SoxB1, Zeb, and Snail that are placed at the top of
the epidermal putative GRN (fig. 2d). Interestingly, the
Snail and Zeb vertebrate orthologues are known transcrip-
tional repressors acting during EMT to repress epithelial
genes (Lamouille et al. 2014), and their position in both
the neural and epidermal putative GRNs suggests they might
be in part acting on neural development through repression
of the epidermal putative GRN in amphioxus. Altogether our
data suggest that the first step of neural induction in cepha-
lochordates involves, downstream of SMAD signaling, the
same key master genes described in vertebrates but also in
other bilaterians. In addition, this primary phase is predicted
in silico to be potentially associated with an active repression
of conserved epidermal genes by TFs of the neural program,
in accordance with the fact that there are more genes over-
expressed in epidermal explants that genes overexpressed
after activin treatment.

To analyze later stages of neural tissue formation after
neural induction, we undertook the same comparative

RNA-seq and ATAC-seq approach on the explants raised
until the N2 stage. Among the overexpressed genes in
activin-treated explants (N = 1,850, Log2(foldchange) >
2, Padj < 0.05), we found actors of Nodal/BMP, Wnt, and
FGF (Fibroblast Growth Factor) signaling pathways
(Chrd, Fgf9/16/20, Fzd4, Lefty, Vg1), markers of differen-
tiated neurons (genes encoding proteins associated with
synapses or neuron projections, neurotransmitter receptor
genes, or axon guidance genes such as, e.g, orthologues of
Chrna6, Chrnb2, Cntnap1, Glra2, Htr4, Slit) and several tran-
scription factors known to be expressed in neural tissues in
amphioxus and/or in vertebrates (supplementary table
S11, Supplementary Material online). Among the latter,
Fezf and Otx are markers of the cerebral vesicle in cephalo-
chordates (i.e, anterior CNS) (Williams and Holland 1996;
Irimia et al. 2010), which suggests that the Nodal signal has
a double function: it first induces neural fate acquisition
and then it anteriorizes the formed neural tissue, in line
with previous data obtained using whole embryos (Onai
et al. 2012; Le Petillon et al. 2017). The genes that are over-
expressed in untreated explants compared with activin-
treated explants (N = 3,636, |Log2(foldchange)| > 2, Pad
< 0.05) include again keratin and intermediate filament
coding genes as well as genes implicated in cilia formation
and function (dynein heavy and light chain genes, ortholo-
gues of Armc4, Bbs5, Crocc, Lca5) together with genes im-
plicated in various metabolic pathways (supplementary
table S11, Supplementary Material online). Concerning
the ATAC-seq data, genomic regions that are more access-
ible in activin-treated explants (N = 681) were enriched in
motifs that are putative SOX family binding sites, whereas
no enrichment in SMAD factor binding sites was detected
(supplementary tables S12 and S13, Supplementary
Material online). On the other hand, the putative regulatory
regions more accessible in untreated explants (N = 6,572)
were enriched in motifs that correspond to similar TFBS
as observed for the gastrula stage (supplementary tables
S12 and S14, Supplementary Material online). We then fo-
cused on the “all neural (N2)” (N=99) and “all epidermal
(N2)” genes (N = 1,491). The “all neural (N2)” genes are en-
riched in GO terms associated with CNS development, tran-
scription, and signaling pathways but not in chromatin
remodeling terms contrary to the earlier stage (fig. 3a).
Similarly, “all epidermal (N2)” genes are enriched in terms
related to metabolism, transport, and development, but
not in chromatin silencing associated terms (fig. 3b).

To reconstruct the neurula stage putative GRNs, we used
the same strategy as above, but we also included genes with
predicted TFBS that were part of the gastrula stage putative
GRNs (supplementary tables S15-S20, Supplementary
Material online). In the neural putative GRN, Neurogenin
and SoxB1 are placed at the top of the cascade and have pu-
tative binding sites in almost all the ATAC-seq peak regions
of the downstream nodes (fig. 3¢). In the epidermal putative
GRN, we found at the top of the cascade Dlx as the master
regulator of most “all epidermal (N2)” TF genes. Interestingly,
although SMAD is not inferred to play an important role in
activating the GRN downstream of Nodal signaling at this
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Fic. 3. GO term enrichment and putative GRN for “all neural (N2)” and “all epidermal (N2)” genes. (a) GO term enrichment visualization for the
“all neural (N2)” gene list. (b) GO term enrichment visualization for the “all epidermal (N2)” gene list. For (a) and (b), GO terms that were not
connected to others are not presented. (c) Putative GRN constructed using the “all neural (N2)” gene RNA-seq and ATAC-seq data. (d) Putative
GRN constructed using the “all epidermal (N2)” gene RNA-seq and ATAC-seq data. In (c) and (d ), edges between Smad2/3, SoxB1a, Neurogenin,
DIx, and the other nodes are highlighted in color, the others are in gray. Color code is as in fig. 2.

stage, it seems to still be an actor of the epidermal GRN.
Moreover, the “all neural” TFs Zeb, Snail, and En were in-
ferred to also be important repressors of epidermal genes
at this later stage (fig. 3d), consistent with their known tran-
scriptional repressor activity in vertebrates (Hanks et al.
1998; Lamouille et al. 2014).

Validation in the Whole Embryo of the Constructed
Putative GRNs

In order to better characterize the biological significance
of the putative GRNs defined above on a time scale and

6

at the level of the whole embryo, we studied the dynamics
of gene expression through normal embryonic develop-
ment. We clustered the “all neural (G5)” genes based on
normalized expression data previously obtained in whole
embryos (Marletaz et al. 2018) from the fertilized egg stage
to the late neurula stage (N5, 27 hpfat 19°C). For the genes
belonging to each profile, we analyzed the GO term en-
richment and the enrichment in TFBS of the correspond-
ing ATAC-seq peak regions showing more accessibility in
activin-treated explants (fig. 4). We observed that the
only “all neural (G5)” gene cluster with SMAD TFBS enrich-
ment corresponds to genes with a maximum expression at
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the G3 stage, which is enriched in GO terms associated
with transcription regulation. The genes belonging to the
three clusters with a maximum expression at later stages
are enriched in GO terms associated with CNS develop-
ment, and the associated ATAC-seq peak regions are en-
riched in TFBS for SOX family TFs, which are downstream
of SMAD signal in the neural gastrula putative GRN.
These data suggest that the putative GRN constructed
using ectodermal explants data is mirrored at the level
of the whole embryo, with neural induction downstream
of Nodal signaling pathway starting at the beginning of
gastrulation, when the ectoderm first touches the
mesendoderm.

We hence analyzed the expression pattern of some
members of the epidermal and neural putative gastrula
GRNs by in situ hybridization in embryos from the eight-
cell stage up to the N4 stage (fig. 5). All the epidermal fac-
tors (DIx, Fhl2, Fox/1, Grhl, KIf1/2/4, Nr6a, Ovol, Rfx1/2/3,
and Tfap2) are expressed in the presumptive epidermis re-
gion at G4 and G5 stages, consistent with our putative
GRN. Dlx, Fhl2, and Tfap2 maintain an epidermal

Cluster Boxplot

33 genes (24%)

24 genes (17%)
" P

sgrevsn changey
'

expression until the N4 stage. On the other hand, Nr6a be-
comes expressed in the cerebral vesicle (fig. 5, arrowhead)
and the endoderm during neurulation. The expression of
FoxJ1, Grhl, Ovol, and Rfx1/2/3 fades in the epidermis after
gastrulation. KIf1/2/4 expression is then detected in the an-
terior endoderm at the N4 stage (fig. 5, arrowhead), where-
as at this stage. Rfx1/2/3 is expressed in the anterior CNS
(fig. 5, arrowhead). Maternal Rfx1/2/3 expression is also de-
tected by in situ hybridization in the whole embryo from
the eight-cell stage. From GO to G2, the zygotic expression
is restricted to the presumptive ectoderm, as also observed
for DIx and Ovol. Concerning the neural genes, Neurogenin,
Pou3fl, Snail, Stox, SoxB1a, and Tcf15 are expressed in the
presumptive neural plate at G4 and G5 with Pou3fl being
also expressed all around the blastopore, SoxB1a being
additionally expressed at G4 in the presumptive epidermis
and Stox presenting an expression in the mesendoderm
layer below the presumptive neural plate region. At G5,
Zeb, whose expression is detected in the dorsal mesendo-
derm at G4, is expressed in both the dorsal mesendoderm
and the presumptive neural plate. Zeb expression is then
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Fic. 4. Analysis of “all neural (G5)” genes expression in whole embryos. Mfuzz clustering graphs are presented on the left. The color code reflects
“Membership” values calculated by Mfuzz (magenta for high values and green for low values of Membership score). Corresponding box plots
(center line, mean; box limits, upper and lower quartiles; points, outliers; box in magenta = box with the highest mean expression), enrichment
in TFBS of the ATAC-seq peaks with differential accessibility corresponding to the core genes of each cluster, and GO term enrichment of these

core genes are presented.

220z 1udy G| Uuo Jasn a)ISIsAluUn 8uu0glos Aq 852/ 1S9/SS00BSW//6E/810NiB/aquW/Wo dno-olWwapeoe//:sdny WoJj papeojumoq


https://doi.org/10.1093/molbev/msac055

Leon et al. - https://doi.org/10.1093/molbev/msac055 MBE

@@T%CQGQ@@%@QB
asoedece >
as‘@0eCfteooad
! @ 10 €6 S
N degece @
(88 0eeé6'>
I Q@ lses
'8 @ I ee ®
ke > ) e C @
agoe0lee ®
@20 0Cqe0 ®
8 @ecld¢geec @
89000 ¢ et
aGe0e0@gegee >
HEZeEdcee =
W NN WO N
89060 A00C S
g0 0QC@E € e ©
80004 (0 ©

Fic. 5. Expression patterns of genes of the epidermal and neural putative gastrula stage GRNs analyzed by in situ hybridization. The expression of
epidermal genes (Rfx1/2/3, DIx, Ovol, Grhl, KIf1/2/4, Fox/1, Fhl2, Tfap2) and neural genes (Pou3fl, SoxB1a, Neurogenin, Snail, Zeb, Tcf15, Stox, Insm,
Pou3f) were analyzed at eight-cell, morula, blastula, GO, G1, G2, G4, G5, NO, N2, N3, and N4 stages. Side views are presented with anterior to the
left and dorsal to the top for gastrula and neurula stages. In the drawings, the presumptive ectoderm is highlighted in light blue, the epidermis
territory in turquoise, and the forming CNS in dark blue. At N4 stage, Rfx1/2/3 is expressed in the cerebral vesicle (arrowhead) and KIf1/2/4 in the
anterior endoderm (arrowhead). Nr6a is expressed during neurulation in the cerebral vesicle region (arrowheads). Stox is expressed at N3 and N4
stages in the posterior endoderm (arrowheads) and in the anterior endoderm at N4 stage (double arrowhead). Insm is expressed in the neural
plate/tube as well as in the epidermal sensory neurons at neurula stages (arrowheads). Scale bar =50 pm.
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detected in the neural plate/tube and the axial mesoderm
during neurulation, quite similarly to Snail. The expression
of Pou3f and Insm is first detected in the neural plate at
the N2 stage, Insm being also expressed from N2 to N4
in ventral epidermal neurons (fig. 5, arrowheads). Only
two neural genes show an expression detected by in situ
hybridization before G4. Pou3fl expression is first observed
in the mesendoderm at G2. Stox is maternally expressed
from the eight-cell stage in the whole embryo. At GO, ex-
pression is still observed in the presumptive ectoderm
but fades at G1. Then, at G2, Stox is transiently expressed
in the dorsal mesendoderm. During neurulation, the neur-
al expression of Stox is lost, and expression starts in the
posterior endoderm (fig. 5, arrowhead) with an additional
domain in the anterior endoderm observed at the N4 stage
(fig. 5, double arrowhead). These data are consistent with
our predicted GRN for neural and epidermal early deter-
mination step and show that several epidermal genes start
to be expressed in the ectoderm before neural genes and
before the mesendoderm touches the ectoderm at GO
and G1 stages.

In order to further validate the in silico predictions, we
tested if neural induction could be disturbed by interfer-
ing in vivo with the function of the main TF nodes. For
the neural program, we tested the function of SoxB1 as
it is at the top of the cascade induced by activin and
has the largest number of associated TFBS in differentially
accessible ATAC-seq peaks between treated vs. untreated
explants at the gastrula stage (supplementary figs. S1
and S3, Supplementary Material online). There are three
SOXB1 family members in amphioxus that are the result
of specific lineage duplications, named SoxB1a, SoxB1b,
and SoxB1c (Meulemans and Bronner-Fraser 2007).
SoxB1a and SoxB1b are both expressed in the ectoderm
during gastrulation and then at a high level in the neural
plate (Holland et al. 2000; Meulemans and Bronner-Fraser
2007) (fig. 5). However, SoxB1b is also expressed

maternally and in the whole embryo during cleavage
stages and then in the vegetal region of the blastula
(Meulemans and Bronner-Fraser 2007). SoxB1c is the lat-
est to be expressed and its expression is not restricted to
neural tissues (Meulemans and Bronner-Fraser 2007).
We, therefore, chose to test the function of SoxB1a be-
cause it is expressed early but not maternally and could
be the SOXB1 family member driving neural induction.
Moreover, we reasoned that the putative TFBS recog-
nized by SoxB1a and SoxB1b might be identical, given
the high sequence similarity of their DNA binding do-
mains (90% in the HMG-box). Given that no efficient
knock-out/knock-down methods exist for the amphi-
oxus model species Branchiostoma lanceolatum, we first
used a chimera between SoxB1a and the Engrailed repres-
sor domain (SoxB1a-EN) (Jaynes and O’Farrell 1991), an
approach that we previously successfully used for other
TFs (Aldea et al. 2019). When we injected mRNA coding
for such a constitutive repressor form of SoxB1a, develop-
ment was blocked and embryos failed to terminate gas-
trulation. However, neural and epidermal fates were
acquired by dorsal and ventral ectoderm, respectively,
as indicated by the expression of Elav, Neurogenin, and
K1 (Keratin1) (fig. 6). SOXB1 family members are known
in many metazoans as factors implicated in the mainten-
ance of pluripotency and proliferation. The developmental
arrest observed in injected embryos might be due to a simi-
lar property of SOXB1 TFs in amphioxus. Interestingly, the
injection of mRNA of the constitutive activator form
(a SoxB1a-VP16 chimera) (Sadowski et al. 1988), or of the
native form, of SoxB1a did not induce any developmental
defect, in line with the fact that SOXB1 putative binding
sites might already be occupied at early developmental
stages by maternally expressed SoxB1b. Hence, the con-
stitutive repressor form of SoxB1a is not able to block
the engagement in the neural fate, and the constitutively
active form is not able to induce the formation of neural
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Fic. 6. Functional analysis of putative GRN nodes. In situ hybridization for Elav, Neurogenin, SoxB1a, and K7 were undertaken on control embryos
and on embryos injected with SoxB1a-EN, Dlx, or KIf1/2/4 mRNA and fixed at the N2 stage (19 hpf at 19°C). Side views with anterior to the left
and dorsal to the top. Scale bar =50 pum. The number of embryos showing the same expression pattern is indicated in each picture.
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tissues from non-neural ectoderm. Neural induction, if
we refer to the proneural putative GRN we constructed,
would then directly rely on SMAD activity downstream of
Nodal. The position of SoxB1 in the neural putative GRN
constructed with gastrula stage data, based on the pres-
ence of corresponding putative TFBS in the regulatory
regions of genes that are overexpressed after Nodal path-
way activation, might reflect a pioneering role of this TF
at earlier stages.

Next, given that neural induction seems to involve ac-
tive repression of the epidermal program from the in silico
GRN, we tested if TFs of the epidermal putative GRN,
whose expression is downregulated by the activin treat-
ment, were able to block neural induction. We first chose
DIx because it is at the top of the gastrula and neurula pu-
tative GRNs, it is the TF with more TFBS in the ATAC-seq
peak regions more accessible in untreated explants at the
gastrula stage (fig. 2d, supplementary figs. S2 and S4,
Supplementary Material online), and it is among the first
epidermal genes to be expressed in the ectoderm (fig. 5).
Moreover, although there are at least six DLX paralogues
in vertebrates, organized in three bigene clusters and
showing diverse functions, there is a unique gene in amphi-
oxus, which is considered an ancestral state in chordates
(Debiais-Thibaud et al. 2013). In tunicates, there are three
DLX genes, with two of them also forming a cluster
(Debiais-Thibaud et al. 2013), and one of them, namely
Dix.b, specifies the epidermal fate together with the ortho-
logue of Tfap2 in ascidians (Imai et al. 2017). Another rea-
son we chose Dlx is that at the G5 stage, although this gene
is underexpressed in activin-treated explants, it has puta-
tive regulatory regions that are more accessible in treated
explants compared with control explants and that present
SMAD and SOXB1 putative TFBS (supplementary table
S21, Supplementary Material online).

We additionally analyzed the function of KIf1/2/4
because it is also at the top of the gastrula cascade
(fig. 2d), is transiently expressed in the presumptive epider-
mis at G4 and G5 stages (fig. 5), and because its vertebrate
orthologues are known as the main regulators of epidermis
formation and/or as cell reprograming factors (Bialkowska
et al. 2017). Embryos injected with mRNA coding for both
DIx and KIf1/2/4 failed to terminate gastrulation, and the
whole ectoderm became epidermal as indicated by K1 ex-
pression and the absence of Elav, Neurogenin, or SoxB1a ex-
pression (fig. 6). Collectively, these functional data indicate
that, in the whole embryo, upstream TFs of the epidermal
putative GRN are able to reprogram the dorsal ectoderm
toward an epidermal fate in line with the fact that neural
induction would require a repression of the epidermal pro-
gram. This proposition is also in accordance with previous
data showing that ectoderm regions expressing
Neurogenin at the gastrula stage, and that are hence en-
gaged in the neural program, can be redirected toward an
epidermal fate in several conditions: when Nodal activation
is not continued long enough, when Nodal signal is acti-
vated but FGF signal inhibited, or when both Nodal and
BMP signals are activated (Le Petillon et al. 2017).
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Conclusion

In vertebrates, the default model for neural induction is
mainly based on experiments that address the function of
several signaling pathways, such as BMP, FGF, and Wnt,
and their interactions (Rogers et al. 2009). However, these
signals also participate in many developmental processes
that take place simultaneously, and their mode of action
is not an ON/OFF system. This renders the study of this pro-
cess very complex. Here, we went beyond the analysis of the
function of signaling pathways to better understand the
evolution of the first step of CNS formation in chordates
by assessing the genetic programs they control during ecto-
dermal cell fate commitment in cephalochordates. Using a
global approach, we inferred the epidermal and neural
fate acquisition putative GRNs in amphioxus. Our data sug-
gest that the program activated by Nodal during early devel-
opment might involve TFs that are individually known to be
important actors of neural fate commitment in vertebrates,
but also more generally in bilaterians, such as SOXB1 and
other SOX family members (Wegner 2011), POU family
members (Latchman 1999), and bHLH genes (Baker and
Brown 2018) such as Neurogenin. More interestingly, the in-
terconnectivity we observed between the neural and the
epidermal putative GRNs, with genes of the neural GRN pre-
dicted to repress the epidermal GRN, but not the other way
around, along with our functional results, strongly suggest
that the epidermal program is initiated before neural induc-
tion and that epidermis is the default fate of ectoderm in
the embryo with neural induction relying on a direct inhib-
ition of the epidermal GRN. This makes sense, evolutionarily
speaking at both the developmental time and the evolu-
tionary time points of view. First, considering the develop-
ment of embryos that form by external fertilization, which
was probably the ancestral mode in metazoans, having an
external germ layer that rapidly acquires its protective bar-
rier capabilities might have procured a better fitness.
Secondly, although the epidermis has long been considered
in vertebrates as non-neural ectoderm, this concept is in
part biased by the fact that vertebrates have lost the neuro-
genic capability of the epidermis that is present in both ce-
phalochordates and tunicates (Holland 2005). Indeed, in
both species, sensory neurons differentiate within the
BMP-positive region of the ectoderm that corresponds to
the presumptive epidermis. If we consider the epidermis
of cephalochordates comparable to the ectoderm of cnidar-
ians that also forms several populations of neurons by using
conserved actors of the SOXB1, POU4F, and bHLH families
(Richards and Rentzsch 2014; Rentzsch et al. 2017; Tourniere
et al. 2020), the emergence of condensed nervous systems in
bilaterians would have been possible thanks to the acquisi-
tion of a signal able to block the epidermal program in a
large region of the embryo that already had neurogenic
potential. The nature of this signal might be different in
distinct animal lineages, although the link with dorsoven-
tral patterning and BMP/antiBMP, if not ancestral, might
have been recruited several times (Lowe et al. 2006;
Yaguchi et al. 2010; Lambert et al. 2016; Su et al. 2019;
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Lyons et al. 2020). The question regarding the homology
of nerve cords in diverse bilaterian clades has often been
addressed by comparing molecules/genes important for
their patterning (Arendt and Nubler-Jung 1999; Lowe
et al. 2003, 2006; Holland et al. 2013; Kaul-Strehlow
et al. 2017; Martin-Duran et al. 2018), but we believe
that deciphering the early actors of neural and epidermal
fate commitment, as well as their functional connections,
will shed more informative light on how CNSs have
evolved in metazoans.

Materials and Methods

Embryos and Explants

Branchiostoma lanceolatum embryos were obtained by in
vitro fertilization in Petri dishes filled with filtered seawater.
Gametes were obtained by heat stimulation of ripe adults
collected at the Racou beach near Argelés-sur-Mer, France
(latitude 42° 32" 53" N and longitude 3° 03’ 27" E), with a spe-
cific permission granted by the Prefect of Region Provence
Alpes Cote d’Azur (Fuentes et al. 2007). Branchiostoma lan-
ceolatum is not a protected species. Microdissection at the
eight-cell stage was undertaken as previously described to
separate the four micromeres from the four macromeres
(Le Petillon et al. 2020). Micromere explants were transferred
to a Petri dish filled with seawater or to a Petri dish filled with
seawater plus activin (50 ng/ml, human recombinant pro-
tein, R&D) and raised at 19°C. Explants were then collected
and either frozen for RNA extraction or directly processed
for ATAC-seq. Staging is as proposed in Bertrand et al.
(2021) and Carvalho et al. (2021).

RNA-seq and ATAC-seq

RNA was extracted using the RNeasy Plus Micro Kit
(Qiagen) following the manufacturer’s instructions. For
ATAC-seq library construction, 80-100 explants were
transferred in a 1.5 ml tube, in duplicates. We then fol-
lowed the method described in Magri et al. (2020).

Sequencing of the RNA-seq and ATAC-seq libraries was
undertaken at the Centre for Genomic Regulation (CRG,
Barcelona) Genomics Unit platform.

ATAC-seq data analysis was performed using the
nf-core/atacseq pipeline (v1.0.0) (Ewels et al. 2020), which
runs Nextflow (v19.10.0) (Di Tommaso et al. 2017), for
quality controls, read alignment against Bl71Tnemr assem-
bly (Marletaz et al. 2018), filtering, data visualization,
peak calling, read count, and differential accessibility
analysis.

For the RNA-seq data analysis, we used nf-core/rnaseq
pipeline (v1.4) (Ewels et al. 2020) for read alignment,
read count, and quality controls of the results. After this,
we performed a differential gene expression analysis using
the DESeq2 R library (v1.30.1) (Love et al. 2014).

GO-term Enrichment
The list of gene names was converted using DAVID 6.8
(Jiao et al. 2012). Singular enrichment analysis was

undertaken using agriGO v.2 (Tian et al. 2017). The analysis
output was then sent to REVIGO (Supek et al. 2011) for
visualization using SimRel as the semantic similarity meas-
ure. The interactive graphs were customized using
Cytoscape 3.8.2 (Shannon et al. 2003).

TFBS Prediction

Motif analysis on sequences corresponding to ATAC-seq
peak regions was undertaken using three methods:
HOMER (v4.11, default parameters, vertebrate set of mo-
tifs) (Heinz et al. 2010), MEME-ChIP (classic mode and
JASPAR CORE [2018] VERTEBRATES as motifs database)
(Machanick and Bailey 2011), and RSAT (peak-motifs
tool, motifs compared with JASPAR CORE [2020]
VERTEBRATES database) (Nguyen et al. 2018).

GRN Construction

Four GRNs were constructed using data of “all neural (G5)”
genes, “all epidermal (G5)” genes, “all neural (N2)” genes,
and “all epidermal (N2)” genes (fig. 1). For each set of
genes, we considered the matrix of HOMER predicted
TFBS for each ATAC-seq peak region. We restricted the
considered TFBS to 1) TFBS predicted by HOMER,
MEME-ChIP, and RSAT; 2) TFBS predicted by HOMER,
one of the other algorithms (MEME-ChIP or RSAT) and
that correspond to TFs showing differential expression
between treated and untreated explants; 3) TFBS of “all
neural” and “all epidermal” TFs at the corresponding stage;
and 4) SMAD binding sites. From the matrix of interaction
(TFs vs. TFBS), a GRN was constructed using GRNsight
(Dahlquist et al. 2016). The GRN was then imported in
Cytoscape 3.8.2 for graphical representation (Shannon
et al. 2003).

Clustering of Whole-Embryo RNA-seq Data

RNA-seq data on whole embryos published in (Marletaz
et al. 2018) (available under Gene Expression Omnibus ac-
cession GSE106430) were normalized and clustered using
Mfuzz (Kumar and Futschik 2007), implemented in R,
choosing the fuzzy c-mean soft clustering method. The fuz-
zifier parameter m was directly estimated from the data.
The a-threshold was set to the default value. The core genes
for each cluster were used for GO-term enrichment analysis
and for TFBS enrichment analysis of the corresponding dif-
ferentially accessible ATAC-seq peak sequences using ana-
lysis of motif enrichment (McLeay and Bailey 2010).

In situ Hybridization of GRN Nodes

Wild-type embryos were fixed at the eight-cell, morula,
blastula, GO, G1, G2, G4, G5, NO, N2, N3, and N4 stages in
PFA 4% in MOPS buffer (0.1 M MOPS pH 7.5, 2 mM
MgSO4; 1 mM EGTA; 0.5 M NaCl). In situ hybridizations
were performed as described previously (Somorjai et al.
2008). The accession number/sequences used for probe syn-
thesis are given in supplementary table S22, Supplementary
Material online.
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Microinjection

All the vectors for mRNA synthesis were constructed using
the pCS2+ expression vector backbone. The constitutive
repressor form of SoxB1a (SoxB1a-EN) was created by fuz-
ing the coding sequence of the repressor domain of the
Engrailed protein to the N-terminal side of the full-length
sequence. The constitutively active form of SoxB1la was
created by fusion with the coding sequence of the VP16
domain. The vectors were linearized and in vitro transcrip-
tion was performed using the mMESSAGE mMACHINE
SP6 Transcription Kit.

Microinjections of mRNA were carried out as described
in Hirsinger et al. (2015). Embryos were fixed at the desired
developmental stage in PFA 4%-MOPS buffer for in situ
hybridization. In situ hybridizations were undertaken
as described previously (Somorjai et al. 2008) using
Neurogenin, K1, Elav, and SoxB1a probes synthesized using
the DIG-labeling Kit (Roche).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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