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ABSTRACT

The ascidian neural plate consists of a definedbmurof identifiable cells organized in a grid of
rows and columns, representing a useful modelvesitigate the molecular mechanisms controlling
neural patterning in chordates. Distinct anteriaail lineages are specified via unique
combinatorial inputs of signalling pathways with déb and Delta-Notch signals patterning along
the medial-lateral axis and FGF/MEK/ERK signalstgrating along the anterior-posterior axis of
the neural plate. Th€iona Gsx gene is specifically expressed in the a9.33 dellshe row
[ll/column 2 position of anterior brain lineage$acacterised by a combinatorial input of Nodal-
OFF, Notch-ON and FGF-ON. Here, we identify the im@l cis-regulatory element (CRE) of
376bp, which can recapitulate the early activatib@sx. We show that this minimal CRE responds
in the same way as the endogen@sx gene to manipulation of FGF- and Notch-signalling
pathways and to overexpression of Snail, a medatbiodal signals, and Six3/6, which is required
to demarcate the anterior boundary@dx expression at the late neurula stage. We revedl th
sequences proximal to the transcription startisikide a temporal regulatory element required for
the precise transcriptional onset of gene exprassiWle conclude that sufficient spatial and
temporal information forGsx expression is integrated in 376bp of non-codingtregulatory

sequences.
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INTRODUCTION

The swimming larva of ascidians (Tunicaayssesses a distinctive chordate body plan feagtarin
central notochord with an overlying central nervaystem (CNS). Its tripartite CNS forms by
neurulation and is made up of an anterior sensesjcle, a trunk ganglion and a caudal nerve cord.
Overall, it contains around 330 cells, two thirdswhich are within the sensory vesicle, thus
forming one of the simplest chordate larval nerveystems (Cole and Meinertzhagen, 2004;
Meinertzhagen et al., 2004).

What makes ascidian embryss appealing is that CNS formation proceeds witkséicted
number of identifiable cells, whose invariant digeleages and fate maps are well documented (Cole
and Meinertzhagen, 2004; Nicol and Meinertzhag®881 Nishida, 1987) (reviewed in (Hudson,
2016)). Each neural plate cell is produced by seseaf stereotypical divisions, has its own specifi
identity and can be easily recognized, thus peimgith level of accuracy not currently applicable to
any other chordate model (Cole and Meinertzhag@@42Navarrete and Levine, 2016; Nicol and
Meinertzhagen, 1988; Nishida, 1987).

At the 8-cell stage, four founder lineages arenbdre a- and b- animal lineages and the A-
and B- vegetal lineages. Three of these lineagesaAand b-, contribute to the CNS. At neural
plate stage, cells are aligned in a grid-like orgation, such that at the late gastrula stage ¢si2g
or ‘6-row stage’ (Hotta et al., 2007)), the neypidte consists of six rows and eight columns of
regularly aligned cells (Figure 1, top right). Atpithe anterior-posterior axis, the posterior-most
two rows (I-1l) of the neural plate are of A-linea@rigin and generate the posterior part of the
sensory vesicle as well as the ventral and latemak ganglion and tail nerve cord. The anterior
four rows (lll-VI) are of a-lineage origin. Of thesonly rows Il and IV contribute to the CNS,
generating the anterior part of the sensory vedioieascidian ‘brain’, as well as contributinghe
oral siphon (Cole and Meinertzhagen, 2004; Nishi@87; Taniguchi and Nishida, 2004; Veeman
et al., 2010). Along the medial-lateral axis, celle arranged in four bilateral pairs of columns.
Column 1 is the medial most pair of columns, anel ldteral-most column is column 3 for the
anterior a-lineage derived part of the neural ptatd column 4 for the posterior A-lineage derived
part of the neural plate. Several b-lineage callsléring the neural plate generate the dorsalabof
the neural tube.

The molecular events leading to individual ceBdfication have also been studied in detail
(reviewed in (Hudson, 2016)). Unique molecular atgines, characterized by specific combinations
of gene expression, have been described for masahelate cells. A particular combinatorial
action of three signalling pathways, Nodal, Deldtth and FGF/MEK/ERK, defines each of the

distinct cell identities that make up rows | andlilthe neural plate (Hudson et al., 2007; Hudson
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and Yasuo, 2005; Imai et al., 2006; Mita and Fujay2007). More recently, it has been shown that
very similar molecular mechanisms also operatendupatterning of the row Ill anterior brain
precursors of the neural plate. These studiesanglithat, like in the A-lineage derived neural glat
Nodal and Delta-Notch are involved in medio-latgratterning, while FGF/MEK/ERK signalling is
required for anterior-posterior patterning of thkn@age derived neural plate (Esposito et al., 7201
Haupaix et al., 2014; Racioppi et al., 2014).

In this study, we aimed to address how these npatigg mechanisms lead to specific gene
activation. To this end, we focused on @& gene, which is specifically activated in the a%c88
pair, residing in the row lll/column 2 position ahterior sensory vesicle lineages at the 6-row
neural plate stage (Figure B3sx expression is maintained in both daughter cella%83 (al10.66
and al10.65) at the neurula stage, when additioqmakssion is also observed in medial (column 1)
cells (a10.73) (Figure 1). By the late neurula eady tailbud stages, expression is also obsenved i
posterior sensory vesicle precursors of A-lineaggim We present our analysis of the cis-
regulatory sequences that can recapitulate eatiyaiion of theCiona Gsx gene. We identified a
376bp minimal element required for the activatibiisax in the a9.33 pairs and their progeny at the
neurula stage. Our analysis suggests that thesfiagal and temporal regulation G&x expression
involves activating MEK/ERK and Notch, and repragsbnail and Six3/6 regulatory inputs.

RESULTS

I solation of the Gsx regulatory region
In this study, we indiscriminately used two veryngar ascidian species for our electroporation
assays, Ciona robusta and Ciona intestinalis (formerly Ciona intestinalis types A and B
respectively). At the late gastrula stage (stageafpproximately 6.5 hours of development at 18°C;
Figure 1, top), the embryo has a neural plate nad@rows of cells called, from posterior to
anterior, row | to VI. At the mid-neurula stagea 15, approximately 8 hours of development at
18°C; Figure 1, second row), row lll cells haveided into row Illa (anterior) and row IlIp
(posterior) (Hotta et al., 2007).

The precise and specific activation@éx in the a9.33 pair of cells in row Il at the ndura
plate stage prompted us to explore the mechanisr@vied in its transcriptional regulation. A
genomic fragment of about 3.9 kb (-3857 to +11 leé first base of the KH2012:KH.C2.917
transcript model (Satou et al., 2008) was clonethfia Ciona robusta cosmid library and placed
upstream of.acZ (pGsx[-3857,+11] >LacZ). Electroporation of this plasmid DNA revealedtttie

3.9kb region was sufficient to recapitulate endagerGsx expression from the neural plate stage



(Figure 1).LacZ reporter gene expression could be detectdd biyu hybridisation in the a9.33 pair
of cells. At neurula stage, like endogendbsx, pGsx[-3857,+11]-driven LacZ expression was
detected in medial row Il cells as well as the389daughterspGsx-3857,+11]-driven LacZ
expression continues to mirror endogen@as gene expression at the late neurula and earbutail
stages, with expression expanding posteriorly i® A-line-derived posterior sensory vesicle
precursors at these stages (Figure 1). Using dietect 3-galactosidase enzymatic activity, a much
simpler assay, we obtained similar results, buthvat time delay in the onset of detection,
presumably due to the time taken to translate &icgrit level of p-galactosidase proteirg-
galactosidase enzymatic activity could be detetrmh the neurula stage, when a9.33 has divided
into a10.66 and a10.65. In the following studies, anose to focus on the simpgalactosidase
activity assay at the neurula stage, as a proxgdae activation at the neural plate stage.

We set out to identify the minimal cis-regulatotgraent that was sufficient to drive neurula
stagep-galactosidase activity in the a9.33 daughters.carelucted a 5’ deletion analysispsdsx| -
3857, +11] to generatgGsx[-1905, +11], pGsx[-829, +11], pGsx[-636, +11], pGsx[-365, +11],
pGsx[-297, +11], pGsX[-256, +11], pGsx[-193, +11], pGsx[-120, +11] (Figure 2) Constructs
pGsx[-1905, +11] to pGsx[-256, +11] drovep-galactosidase activity in the a9.33 daughtergnoft
with reduced activity compared to tp&sx[-3857, +11] construct, whereas th#ssx[-193, +11]
andpGsx[-120 +11] constructs did not drive a detectable levep-@falactosidase activity (Figure
2). This suggests that critical cis-regulatory edats required to drive neural plate expression are
present between positions -256 and -193bp upstmdahre transcription start site. Consistent with
this idea, removing the -278- to -121 sequencas fieepGsx[-3857, +11] construct pGsx[-3857,
-279][-120, +11]) resulted in the loss of transgene activity (Supeletary Figure 1).

Focusing on the sequences around the [-256, -t@Bpain, we carried out various
overlapping window deletions in order to furthefide the essential elements for correct neural
plate expression (Figure 3A). Individual fragmentye cloned upstream of tBeachyury minimal
promoter bpBra) (Bertrand et al., 2003). Ectopic “mesenchyme” gemehyme plus additional
unidentified internal cells) activity was frequgntbserved when usingpBra. Neural expression,
however, was never observed wipBra alone (3 independent experiments, total n= 952nadd,
for the following analysis, only neural expressias considered (Figure 3B). The constructs
pGsx[-297, -100]bpBra, pGsx[-297, -176]bpBra, pGsx[-256, -100]bpBra and pGsx[-365, -
236] bpBra exhibitedp-galactosidase activity at the neurula stage, vdseoenstructpGsx| -256, -
176] bpBra, pGsx[-297, -236]bpBra and pGsx[-193, -100]bpBra drove very weak or ndg-
galactosidase activity (Figure 3B). A&sX[-365, -236] bpBra and pGsx[ -256, -100] bpBra are both

active, despite a very small region of overlaps guggests the presence of multiple positive inputs



In support of the idea that no single region of tipstream sequences is critical for activation in
neural cells, a systematic 20bp window deletionyam between the -256 to -100 regions of the
pGsX[-297, -100] bpBra construct did not result in loss of transgenevégt(Supplementary Figure
2).

Interestingly, this analysis also suggested thetet may be some negative control elements
located in the part of the sequence closest teréimscription start site. Electroporation of consts
lacking these elements resulted in lateral (col@ngreen in Figure 3B-C) and/or anterior (into row
IV precursors, blue in Figure 3B-C) ectopic expanfp-galactosidase staining. Tp&sx[-365, -
236] bpBra construct gave a particularly striking increaseairterior expansion into row IV cells
(Figure 3B lower graph, C). The smaller fragmenmstoucts Gsx[-297, -236] bpBra and pGsx -
256, -176]bpBra) only drove very weak neural expression, making aanclusion on ectopic
activity difficult (Figure 3B).

In conclusion, partial deletions around the [-25893] sequences identify two types of
regulatory inputs. Since theGsx[-365, -236] bpBra and pGsx[-256, -100] bpBra constructs were
both active, we conclude that the -365 to -100 eseges mediate multiple positive inputs with no
single region essential for neural expression (&) Supplementary Figure 2). The -235 to +11
sequences likely contains repressive elements,hwdit to restrictssx expression to row Il and
column 2 (Figure 3). Thus, we consider that therenB865 to +11 sequences contain important
elements to drive accurate expressiost in the neural plate of wild-type embryos and uged

pGsx[-365+11] construct for subsequent experiments.

Evidence for a FGF/MEK/Ets-Elk signalling response elementsin the -365 to +11 regulatory
sequences
Focusing on the [-365, +11] sequences identifiedvap we next tested whether experimental
manipulations affecting endogend@sx expression similarly affect reporter gene expassiriven
by pGsx[-365, +11]. In Ciona, FGF-ERK signalling is essential for both theialineural induction
at the 32-cell stage (Bertrand et al., 2003; Hud=a., 2003) and the subsequent anterior-posterio
patterning of the CNS (Haupaix et al., 2014; Hudsbal., 2007; Racioppi et al., 2014; Wagner and
Levine, 2012). In particular, differential activai of FGF/ERK signals between rows Il and IV
takes place, with ERK active in row lll cells wheitepromotes row Il gene expression and
represses row IV gene expression (Haupaix et All42Racioppi et al., 2014). This signalling
pathway could thus be required fésx expression.

To confirm this, we treated embryos from the egdgtrula stage with the pharmacological
agent U0126, an inhibitor of the MAP kinase kindd&K1/2. This resulted in a strong reduction in



Gsx expression (Figure 4AMWe next tested whether thpssx[-365, +11] construct contained a
MEK-ERK response element by treating embryos edpctrated with this construct with U0126 at
the early gastrula stage. Similar to endoger@®sexpression, transgene activity drivenpdiysx] -
365, +11] was completely suppressed by U0126 treatment (Ei4B).

Several recent studies show that, duiGigna embryogenesis, members of the ETS family
of transcription factors (Ets1/2 and Elk1/3/4) astdownstream effectors of FGF/ERK signalling
(Bertrand et al., 2003; Davidson et al., 2006; Gamet al., 2015; Squarzoni et al., 2011). To
investigate the role of Ets/Elk ibsx gene activation, we expressed constitutive repress
activator forms of Ets1/2 (Ets:WRPW and Ets:VPIspectively) or Elk1/3/4 (EIk:WRPW and
Elk:VP64, respectively) throughout the neural plasing theZic-r.b promoter, which is active in
the a-neural lineages at the 6-row neural platgest@bitua et al., 2012; Gainous et al., 2015;
Wagner and Levine, 2012). Expression of repressong of both Elk and Ets led to a reduction of
endogenou$ssx expression (FigurdC, F). By contrast, overexpression of activatem® did not
affect the spatial pattern @sx expression. Overexpression of Ets and Elk fusimiems had a
similar effect on the R-galactosidase activity eni\oypGsx[-365, +11] (Figure 4D, E).

Taken together, these data show that Ets famitystaption factors, most likely mediating
FGF/MEK/ERK signals, are required f@sx gene activation and that th@sx [-365 to +11]
sequences contain elements mediating this activat@onsistent with this idea, bioinformatic
analyses of these sequences revealed severalipbtetst family transcription factor binding sites
(Supplementary Figure 3). We conclude that@s& gene is most likely activated directly by the
FGF/MEK/ERK signalling pathway in row Il via Etarnily members.

Evidencefor Delta/Notch response elementsin the -365 to +11 regulatory sequences

Previous data show that Delta-Notch signallingeiguired to promot&sx expression in column 2
of the ascidian neural plate (Esposito et al., 201rhibition of the Notch signalling pathway
resulted in a strong reduction @fsx expression, whereas overexpressiorDefta-like had the
opposite effect, promoting ectop@@sx expression in column 1 cells. In order to test tivbethe [-
365, +11] sequences contained a Notch responseeeienve treatedpGsx[-365, +11]
electroporated embryos with DAPT (an inhibitor @ingna-secretase, which is required for Notch
receptor processing) to block the pathway. Treatnménembryos with DAPT from the early
gastrula stage resulted in reduction of nefrghlactosidase activity (Figure 5A). We concludat th
the Gsx -365 to +11 sequences contain the information rseecgdo respond to Notch signalling.
While our bioinformatic analysis revealed a site-205 with a perfect match to the consensus
binding site of Su(H) (TGGGAA, on the reverse sttarthe transcription factor that mediates



Notch signalling (Fortini and Artavanis-Tsakona894), removal of this sequence in the deletion
construct D3 did not result in loss of neural atfiwf the construct, suggesting that this binding

site is not critical (Supplementary Figure 2).

Evidencefor a Snail response element in the 365 to +11 regulatory sequences

We recently showed that the transcription factailSiNieto, 2002) is involved in the repression of
Gsx in column 3 cells at the 6-row neural plate stdggppsito et al., 2017). Like endogend@ss,
B-galactosidase activity driven lpGsx[-365, +11] was strongly reduced when co-electroporated
with pEtr>Snail (Figure 5B), suggesting that elements responsinl&nail-mediated repression are
present within the -365 to +11 sequences. Indebdiaformatic search for potential Snail binding
sites conserved betwe&iona robusta and Ciona savigni (Supplementary Figure 3), as well as a
ChlIP-chip analysis of Snail (Kubo et al., 2010) gegfs that Snail may interact directly with the
Gsx upstream sequences. Interestingly, the predictediny site with highest affinity for Snail
maps close to the TSS around -11, which is remave®sx[-297, -100] bpBra, a construct driving

lateral expansion di-galactosidase activity (Figure 3).

Evidencefor Six response elementsin the-365to +11 regulatory sequences

In the previous section, we showed that removathef [-235, +11] sequences pGsx[-365, -
236] bpBra resulted in anterior expansion pfgalactosidase activity to row IV (Figure 3). One
potential explanation for this observation is tihegence of a repressor in row IV cells that intisrac
with sequences within the [-235, +11] region. Thix &mily members of homeodomain
transcription factors can form composite transw@iptfactors that can activate or repress
transcription of downstream targets depending enctilular context (Kumar, 2009ix3/6 is the
single Ciona orthologue ofSx3 and Sx6 paralogues of vertebrate Six genes (Wada et @03)2
Sx3/6 is a very good candidate to repr&@sx expression in row IV as it is specifically expredsn
row IV cells from the 6-row neural plate staget jasterior to endogenou@sx expression (Imai et
al., 2004). The two otheZiona Six gene class membe&x1/2 andSx4/5, are not expressed in row
IV cells (Imai et al, 2004). In order to addresSik3/6 might play a role isx gene regulation, we
first tested whether Six3/6 overexpression coulgrass endogenou$sx expression. We
overexpresse&ix3/6 throughout the neural plate from the early gaatsthge, usingEtr>Sx3/6.
This resulted in downregulation &sx expression at the neurula stage, suggesting agaiténk
betweenSx3/6 andGsx (Figure 6A). In contrast, morpholino (MO)-mediatatbckdown of Six3/6
resulted in ectopi€&sx expression in row IV cells at the late neurulagstéFigure 6C). We used

two different morpholino oligonucleotides desigrtedblock translation, both of which generated



the same phenotype (Figure 6C; Supplementary Figdde We also confirmed that both MOs
successfully blocked translation of a reporter geitle corresponding target sequences by injecting
each MO with theSx3/6 upstream regulatory sequences drivivenus (pSx3/6>Venus). While
YFP protein was detected in the anterior CNS ofdarinjected withpSx3/6>Venus alone, co-
injection of pSx3/6>Venus with either Six3/6-MO resulted in strong reductioh YFP protein
levels (Supplementary Figure 4B). Thus, overexpoessf Sx3/6 results in repression dbsx,
whereas inhibition 0§x3/6 results in ectopic expression®@$x in row 1V cells.

We next tested whether the [-365, +$&fjuences contained a Six3/6-response element. Co-
electroporation ofpGsx[-365, +11]>LacZ with pEtr>Sx3/6 caused a strong decrease [bf
galactosidase activity at the neurula stage, stiggethat the [-365, +11$equences may contain
binding sites for Six3/6 (Figure 6B). In support afdirect role for Six3/6 ifGsx repression in
anterior neural cells, we found multiple predic&g transcription factor binding sites within the |
365, +11]sequences (Supplementary Figure 3).

Finally, we tested the hypothesis that the [-28B]l] sequences, removed p&sx[-365, -
236] bpBra, were acting as a Six3/6-response element. Inrotleeds, whether removal of this
potential Six response element was the reasorettapic anterior transgene activity was observed
with the pGsx[-365, -236] bpBra construct. If these sequences acted as the Sig8ffdonse element,
then we predicted that removal of them would rentder construct insensitive to Six3/6
overexpression. However, this was not the casejexroporation opEtr>Sx3/6 andpGsx] -365, -

236] bpBra revealed that Six3/6 was still able to stronglgmess the transgene activity, suggesting
that the [-235, +11] sequences are not actingeasdle Six3/6-response element (Figure 6D).

Evidencefor atemporal response element in the -235 to +11 regulatory sequences
Both FGF and Notch signals are required@sk expression in a9.33 cells at the neural plate stage
However, these signals are both present at eatlges of developmeridelta-like is expressed in
lateral b- and A-line neural precursors adjacerth&oa-line neural precursors from the 64-cell stag
(Esposito et al., 2017; Hudson et al., 2007) an&KHR is active in row IlI/IV mother cells at the
early gastrula stage (Nishida, 2003; Wagner andinegv2012; Yasuo and Hudson, 2007).
However,Gsx is not activated at this earlier stage, suggestiegpresence of a temporal control
mechanism.

To identify the cis-regulatory sequences preventimg precocious activation @sx, we
collected embryos electroporated with eith€isx[-365, -236] bpBra or pGsx[-365, +11] every 30
minutes (at 18°C) from the 6-row neural plate stMye observed neurfilgalactosidase activity in

pGsx[-365, -236]bpBra embryos at least 30 minutes before we observed fagglactosidase



activity in pGsx[-365, +11] embryos (Figure 7). Taking into account the tirag-0f LacZ detection
(Figure 1), we consider th@iGsx[-365, -236] bpBra therefore becomes active prior to the 6-row
neural plate stage, thus in the row-Ill/lV motheglls. Consistently pGsx[-365, -236]bpBra-
electroporated embryos displayed clear ect@pgalactosidase staining in cells in row IV and
column 3 (Figure 7). This suggests that the ectaptovity observed in row 1V witlpGsx[-365, -
236]bpBra is, at least in part, due to the precocious agtvadf the transgene in the precursor of
both rows Il and IV and that the [-235, +11] seqees include a temporal control element ensuring

the delayed activation @sx solely in row lIl.

DISCUSSION

It was previously shown that medial-lateral patiegracross the developing neural plate, triggered
by Nodal, is required for the expressionGsi in column 2 cells of the neural plate (Espositalet
2017). Nodal is involved both in promotisx expression in column 2, via the activation of Belt
Notch signalling, and inhibitingssx expression in column 3, via the activation of tBwil
repressor. It was also described that differerivation of the ERK signalling pathway patterns
sibling neural plate cells along the anterior-posteaxis, with its role inGsx regulation confirmed

in this study (Figure 4) (Gainous et al., 2015; ptain et al., 2014; Hudson et al., 2007; Racioppi et
al., 2014; Squarzoni et al., 2011). Here, we reweale for Six3/6 in restrictin@sx expression to
row-lll precursors at the late neurula stage (Fedaix.

In this study, we analysed the cis-regulatory segaes drivingssx expression in the neural
plate (Figure 8). We identified a -365 to +11 miainpromoter element, which recapitulated
endogenous$sx expression in the neural plate and respondedh@sgenousssx, to manipulation
of MEK-ERK-Ets signalling, Notch-signalling and Sihar Six3/6 overexpression. Our extensive
deletion analysis of a [-365, +11] minimal promotedicated thaiGsx regulation is likely to be
complex and modular, with no single region essenfias suggests redundancy between individual
transcription factor binding sites, as was desdritoe Halocynthia Otx cis-regulation (Oda-Ishii et
al.,, 2005). The deletion analysis revealed the mamze of sequences close to the transcriptional
start site in limiting expression to the corredig;encluding an element mediating temporal cointro
(Figure 8).

Activation mechanisms for Gsx expression
In the neural plate, Nodal induces column 2 gen@ession most likely indirectly, via activating
gene expression of a Delta ligand (Esposito eR8ly; Hudson et al., 2007). We were able to show

that the [-365, +11] minimal promoter @sx contained a Notch response element. A potential
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Su(H) consensus binding site was found in thesaesemps at position -205, although this did not
appear to be essential for transgene activatioppl®mentary Figure 2). This may indicate that
Notch signalling is acting indirectly on the [-368,1] minimal promoter oGsx.

The other major positive input fagesx expression is likely to be the Fibroblast Growth
Factor (FGF) signalling pathway. This signallingtpeay is used repeatedly following anterior-
posterior cell divisions to specify posterior owanterior cell identities in the developing CNS
(Haupaix et al., 2014; Hudson et al., 2007; Radigpml., 2014; Squarzoni et al., 2011; Wagner
and Levine, 2012). In particular, differential aeation of ERK1/2 occurs between a-line sister rows
Il and 1V, with ERK1/2 activated in row Ill and &ative in row IV. This activation of ERK1/2 was
shown to be required for specification of the a%4# of cells in column 3 of row IIl and is then
repeatedly required, following each anterior-pastasriented cell division, in order for this linga
to eventually give rise to the pigmented cellshaf bcellus and otolith in the brain (Haupaix et al.
2014; Racioppi et al., 2014). Recently, it has b&smwn that two different Ets family transcription
factors, Ets1/2 and EIk1/3/4, have partially recamtdactivities in specifying the medial lineages of
row Il (a9.33 and a9.37) (Gainous et al., 2015)r @ata supports these previous findings. We
provide evidence that the MEK/ERK signalling patlgwa row Il activatesGsx via Ets and Elk
transcription factors. We show, firstly, that theEKVERK signalling pathway is required for the
activation of endogenouSsx as well as transgene activation drivenp®sx[-365, +11]. We then
show that dominant-negative forms of either Etsi/EIk1/3/4 (EtsWRPW,; EIKWRPW) are each
able to repress bofisx expression and transgene activatiorp®gx|[-365, +11]. We propose that
both Ets/Elk factors may directly contribute@sx activation. Consistent with this idea, the -365 to

+11 sequences contain several potential Ets famégnber binding sites (Supplementary Figure 3).

Repr ession mechanisms for Gsx expression
Gsx is repressed in column 3 by Snail transcriptioctda When Snail is knocked-dow@sx is
ectopically expressed in column 3 at the neuratepktage (Esposito et al., 2017). Similar to
endogenous$ssx, transgene activity driven byGsx[-365, +11] is inhibited by overexpression of
Snail. Consistent with a potential direct role, ChlPgclanalysis detected Snail binding to the
upstream region oBsx (Kubo et al., 2010) and potential binding sitesevgredicted within the -
365 to +11 sequences (Supplementary Figure 3).

Previous studies have shown tisat3/6 is specifically expressed in row IV lineages from
the 6-row neural plate stage (Gainous et al., 20ttgi et al., 2004). Restriction dfix3/6
expression to row 1V is mediated by differential ERctivation between row Il and row IV cells.

Inhibition of FGF/MEK/ERK signalling leads to loss row Il gene expression (includin@sx)
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and ectopic activation @ix3/6 in row Il (Gainous et al., 2015; Haupaix et &014; Racioppi et
al., 2014). Six proteins can serve as transcripti@ctivators or repressors, depending on the
presence of additional cofactors within the traijmicnal complex (Li et al., 2003). Here, we show
that Six3/6 is required to repre&sx expression in row IV cells at the neurula staggyie 6C).
Thus, one of the functions of Six3/6 @iona neural development involves repression of more
posterior neural fates. A role for Six3/6 ortholegun repression of posterior gene expression has
also been reported in other systems (Lavado eR@D8; Leclere et al., 2016). Overexpression of
Six3/6 repressed endogenoB@sx expression as well as transgene activity driverp®gx[-365,
+11]. This suggests that tHe365, +11] sequences contain a Six3/6 response element,ean id
supported by the presenceiofsilico predicted Six-binding sites conserved betw€ama robusta
andCiona savigni (Supplementary Figure 3).

Finally, our study uncovered an element closéé¢ottanscription start site that is required to
prevent both precocious and ectopic activatioiGef. Both activators ofssx, Delta-like (Notch)
and FGF/ERK signalling are active during early gdatstages (3-row neural plate stage), Gsi
is not expressed until the mid-gastrula (6-row akptate) stage. This delay in activation could be
achieved by the requirement of an additional attivavhich is itself not activated until the mid-
gastrula stage, or alternatively by a factor tinfuibits Gsx transcription prior to the mid-gastrula
stage. Our data lend support to the second hypettiesmoval of the proximal sequences results in
precocious and ectopic transgene activity. DiffeediERK1/2 activation between dividing cells is
used repeatedly during development, particularlyingu neural and cardiopharyngeal lineage
segregations (Haupaix et al., 2014; Racioppi et28114; Razy-Krajka et al., 2018; Stolfi et al.,
2011; Wagner and Levine, 2012), thus late ERK targeed to be prevented from activating
precociously. Indeed, this problem applies to aaperatively used signalling pathway. One
possible mechanism to correctly time gene activatvould be a coherent feed forward mechanism
such that a signal induces early gene targetstaase ttargets are themselves required, together with
the same activating signal, to activate the sulessigtargets. This type of mechanism has been
described in ascidian development during the sjgatibn of the endoderm kB+catenin signalling
as well as during the specification of cardiophgsal mesoderm by FGF-signalling (Hudson et al.,
2016; Razy-Krajka et al., 2018). Another mechanismthe presence of an inhibitory timer
mechanism, which prevents the inappropriate adtivadf a target gene in response to an earlier
activation signal. An example of this strategy weasently revealed in ascidian embryos, during the
early segregation of brain from palp precursorglifferential FGF signalling (Ikeda et al., 2013).
In this scenario, two Blimp-like Zinc finger protsi (BZ1, BZ2) prevent the precocious FGF-

dependent activation dic-r.b in palp/brain precursors prior to their lineaggregation. In the
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absence of this inhibitory mechanism, brain lineagmes are expressed precociously, at the
expense of palp/epidermis lineage genes and papsotl form. Furthermore, in the absence of
BZ1, BZ2 and a third factor, Hes-Agc-r.b is activated even earlier in neural precursorggponse

to FGF, at the 32-cell stage. Thus, these factorsaa a timer to delay activation @fc-r.b in
response to FGF signalling and this delay mecharssritical for correct lineage segregations. We
propose that a similar mechanism is taking plaga¢éwent precociouSsx activation in response to
FGF at the early gastrula stage in row IlI/IV prezus prior to their lineage segregation. To
confirm this hypothesis, it will be essential teidify the factor responsible for this time delay,

repress its activity and assess if endoge@decomes precociously activated at earlier stages.

MATERIALSAND METHODS

Embryo experiments and tools

Adult Ciona intestinalis or Ciona robusta were purchased from the Station Biologique decifb
(France) or from Stazione Zoologica Anton Dohrmlf}, respectively. Blastomere names, lineage
and the fate maps were described previously (Conkl905; Nishida, 1987). Ascidian embryo
culture and microinjection have been describedd&aet al., 2011; Yasuo and McDougall, 2018).
Six3/6-MO-1 (CATATCGCCGCCAGCACGTAACATA) and Six3/Bt0-3
(CCTTCACTCAACATTGATATTCTGT) were purchased from GEFpols LLC and injected into
unfertilised eggs at a concentration of 0.75-1mMpteliminary experiments with Six3/6-MO-1,
ectopic expression @bsx was not observed until late neurula stage (stage-16; approximately 8
hours and 20 minutes after fertilisation at 18°Therefore, embryos shown in Figure 6C were
fixed at this stage. The electroporation protocakvibased on Christiaen et al. (Christiaen et al.,
2009). We used 5@ of circular plasmid DNA in 250 of 0.6M mannitol. This solution was mixed
with 10Qul of eggs in artificial sea water supplemented With% BSA. Electroporation was carried
out at 50V for 16ms using a BTX ECM830 (Harvard aapus) or a BIO RAD Gene Pulser Il. For
co-electroporation 3%y of each plasmid DNA was used under the same tongli(in this case
control single electroporations also usedu@50f DNA). All data came from at least two
independent experiments (i.e. on different batafeesmbryos). U0126 (Calbiochem) and DAPT
(Calbiochem) treatments i@iona have been described previously (Hudson et al.326fidson
and Yasuo, 2006).

Unique identifier s of genes analysed

Gene name Ciona robusta Ciona robusta
Unigue gene identity Unigue gene model identity
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Gsx Cirobu.g00005160 KH2012:KH.C2.917
Sx3/6 Cirobu.g00001582 KH2012:KH.C10.367
Shail Cirobu.g00005955 KH2012:KH.C3.751
MEK Cirobu.g00011301 KH2012:KH.L147.22
ETSL/2 Cirobu.g00001309 KH2012:KH.C10.113
ELK1/2/4 Cirobu.g00008865 KH2012:KH.C8.247
Notch Cirobu.g00009697 KH2012:KH.C9.176
Delta-like Cirobu.g00012743 KH2012:KH.L50.6

Construct preparation

The electroporation constructpEtr>Snail, pZic-r-b>Etsl/2, pZic-r.o>Elk1/3/4 have been
previously described (Abitua et al., 2012; Gainetisal.,, 2015; Hudson et al., 2015). To make
pEtr>Sx3/6, the open reading frame @&x3/6 was cloned from a cDNA clone (cicl021e08)
originating from theCiona gene collection plates (GC11m13) using the follaywrimers: six3/6-
F-attB1 (aaaaagcaggctacCATGGCGGAGACTGTTGCACAGCGCGEBCLand six3/6-R-attB2 (
agaaagctgggTTAGTCTTTCGGGCTCTGACTC) and subclonetb ipDONR 221 P1-P2 to
generate pENTR-L1-Six3/6-L2. This entry clone waxead with pSP1.72ETR>Rfa in an LR
reaction to generatpETR>Sx3/6. Details on Gateway cloning of ascidian genespaexiously
published (Roure et al., 2007). To mgkax3/6>Venus, the Sx3/6 upstream sequences were first
selected based on (Haeussler et al., 2010). Th8/6SiMpstream regulatory sequences were
amplified fromCiona intestinalis genomic DNA using the following primers: Six3/6epnoter-F :
ggtcgacggtatcgataACGTCACAATGCAATGTAACGATTC and  Six3/6-promoter-R2 :
CATATCGCTGCCAGCACGTAACATACCTTCACTC). Venus was anf@d using the
following primers: Venus-F3:_ GTGCTGGCAGCGATATGGT&EAAGGGCGAGG and
Venus-R : ccgctctagaactagtgTTACTTGTACAGCTCGTCCATRegions of overlap between

Sx3/6 and Venus are underlined whereas regions of overlap withplasmid vector are in small

case. Amplified DNA was gel purified and mixed wfiBluescript SK linearised with HindlIl and
BamHI. DNA was assembled using Gibson Assembly B&fasflix (New England Biolabs)
according to manufacturer’'s protocpSx3/6>Venus was injected at a concentration of Qug3ul.
ForpGsx[-3857, +11] >LacZ, theCiona robusta Gsx upstream sequences were identified by
probing a cosmid library (RZPD 119 (Burgtorf et, 41998)) withCiona Gsx cDNA (Hudson and
Lemaire, 2001). Sequences upstream were then ssepiémom the identified cosmid (Ferrier and
Holland, 2002). Approximately 4kb of sequences tgash ofGsx were then amplified by PCR and
cloned into pspl.72>LacZ using the primers gsxup-3.9F and gsxR (Supplemerifable 1).
Comparison of the cosmid derived sequences toefleeence genome revealed 98% identity, with a
55bp insert in the cosmid sequence relative todference genome. This sequence corresponds to -
1452 to -1398 of theGsx[-3857,+11] sequences and is at position KH2012.C2.55092586dn
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reference genome. TH&sx[-3857,+11] cosmid derived sequences are available onlinesgd,
https://lwww.aniseed.cnrs.fr/aniseed/cisreg/showegeature_id=14105022).

The 5’ deleted construcfgGsx[-1905, +11], pGsx[-829, +11], pGsx[-636, +11], pGsK -
365, +11], pGsx[-297, +11], pGsx[-256, +11], pGsx[-193, +11], pGsx[-120, +11] were all
generated by PCR using appropriate primers (sepl@upntary Table 1). The 5 and 3’ deleted
fragmentspGsx[-297, -100], pGsx[-297, -176], pGsX[-256, -100], pGsx[-365, -236], pGsx[-256, -
176], pGsx[-297, -236] andpGsx[-193, -100] were all generated by PCR, using appropriate pemer
(Supplementary Table 2) cloned upstream of Brachyury minimal promoter intopspl.72-
bpBra>LacZ (Bertrand et al., 2003)pGsx[-3857, -279][-120, +11] was made by PCR
(Supplementary Table 2). Constructs for the windi®hetion analysis described in Supplementary
Figure 2 were carried out using the QuikChange-Bitected Mutagenesis Kit (Stratagene) using
the g2905D1-D8 F and R primers @sx[-297, -100]bpBra (Supplementary Table 2). All

constructs were verified by sequencing.

Gsx construct name based on cosmid sequence | Ci-Regulatory Region identifier

pGsx[-3857, +11]

ciinte.REG.KH2012.C2.5506855- 5540Gsx

pGsx}-1905, +11

ciinte. REG.KH2012.C2.55088- 5510677/Gs

pGsx[-829, +11]

ciinte. REG.KH2012.C2.5509831-55106&x

pGsx[-636, +11]

ciinte.REG.KH2012.C2.5510024-55106&x

pGsx[-365, +11]

ciinte. REG.KH2012.C2.5510302-55106&x

pGsx[-297, +11]

ciinte. REG.KH2012.C2.5510370- 55006 sx

pGsx|-256, +11

ciinte. REG.KH2012.C2.55104- 5510677/Gs

pGsx[-193, +11]

ciinte. REG.KH2012.C2.5510474- 55006 sx

pGsx|-120, +11

ciinte. REG.KH2012.C2.55105-5510677/Gs

pGsx[-297, -100]

ciinte.REG.KH2012.C2.5510370-5530%sx

pGsx[-297, -176]

ciinte. REG.KH2012.C2.5510370-55D&sx

pGsx[-256, -100]

ciinte.REG.KH2012.C2.5510411-5530%sx

pGsx[-256, -176]

ciinte.REG.KH2012.C2.5510411-551D6sx

pGsx|-365,-236]

ciinte. REG.KH2012.C2.55103-5510431/Gs

pGsx[-297, -236]

ciinte. REG.KH2012.C2.5510370-553D&sx

pGsx|-193,-10(]

ciinte. REG.KH2012.C2.55104-5510567/Gs

pGsx[-3857, -279][-120, +11]

ciinte. REG.KH2012.C2.5506855-
5510388;5510547-5510677/Gsx

(deleted region 5510389-5510546)

In situ hybridization and YFP immunostaining

Gsx RNA probes were synthesized from the cDNA preMipusported (Hudson and Lemaire
2001). Whole-mount in situ hybridizations were penied as previously described (Hudson and
Yasuo, 2006; Ristoratore et al., 1999; Wada efl@B5). For nuclear staining, embryos were
mounted in Vectashield-DAPI (Vector laboratorid®light-field and DAPI images were merged
with Adobe Photoshop. YFP immunostaining (SupplammsrFigure 4) was carried out using a
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Goat-anti-GFP (Rockland immunochemicals 600-101-212%60) followed by Donkey anti-goat
Alexaflour 555 (A-21432 Thermofischer; 1/250). Cocdl analysis of immunostained larvae was
performed with a Leica SP5 or SP8 microscope argj@rstacks were produced with Fiji (ImageJ
2.0.0) software (Schindelin et al., 2012).

Statistical tests

For statistical tests, contingency tables were nwitle the total numbers of embryos pooled from
all experiments for each outcome (positive, negativeak, ectopic). Fischer’s exact tests or Chi-
square tests were carried out using Prism versiom §or MacOS, GraphPad Software, La Jolla
California USA, www.graphpad.com). All contingentgbles can be found in Supplementary

information (Supplementary Table 3).

In Silico transcription factor binding site sear ches

The -365 to +11 regulatory sequence was searchedhfescription factor binding sites for 3
transcription factors usingiona robusta SELEX-seq data (best cycle as indicated in
ANISEED)(Brozovic et al., 2018}-or each 8-mer in th€iona robusta andCiona savignyi

genomes, we first calculated a raw local affindy & given transcription factor as the sum of the
log enrichment scores of the three 6-mers includesdch 8-mer. These raw values were
normalized to decrease their dependency on thebéstiichment achieved during SELEX-seq,
thereby facilitating comparison between factordimitand across families. For each transcription
factor, we plotted the histogram of raw affinityoses for each possible 8-mer (65536) and assigned
a normalized score of 0 to the 8-mers with a rasvescorresponding to the peak of the histogram.
The -1 value was assigned to the 0.1% worst 8-méride the maximal +1 value was assigned to
the 0.1% best 8-mers. Values between -1 and 0 amdl 31 were scaled linearly. This normalized
affinity score is allocated to the fourth base afle 8-mer. To focus on the most likely bindingsite
we identified the summit of each peak, to whichhigtogram value for this base was allocated. We

further filtered this dataset to keep only the 1086 of highest peaks.

We expect functional peaks to be conserved actossly related species. To identify conserved
peaks, we used the ANISEED genome alignmen@ afa robusta andCiona savignyi obtained by
running LastZ (v1.02.00) on masked genontt(//www.bx.psu.edu/~rsharris/lastzHarris,
2007)), with the following parameters (hsp_thrediB000; gapped_threshold = 3000; x_drop =

870; y_drop = 6290; gap_open_penalty = 290; gaeneitpenalty = 20) and the following score

matrix, computed to improve the alignment betwdwntivo species.
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# A C G T
# A 87 -119 -55 -112
# C-119 100 -154 -55
# G -55 -154 100 -119
# T-112 -55 -119 87

MatchingCiona robusta andCiona savignyi peaks, distant by at most 5 bp in the alignment
between the two species, were considered consancakdllocated the product of the peak values in
each species.
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FIGURE LEGENDS

Figurel

Comparison of endogenouSsx expression with transgene expression driven by upstream
regulatory sequences @sx. Stage of analysis is shown on the left. The t&flumn shows
endogenou$§sx expression. The middle and right columns are ensheyectroporated withGsx| -
3857, +11]>LacZ. The middle column shows expression of LaZ reporter gene detected by in
situ hybridisation againdtacZ. The right-hand column shows galactosidase detection. Note the
time lag betweemacZ andp-galactosidase detection. A schematic drawing ofaleplate cells is
shown on the right for neural plate and neurulgestambryos, with th&sx positive cells labelled

in red.

Figure2

5 deletion analysis of the [-3857, +11] regulatosgquences ofssx. Top is a schematic
representation of the [-3857, +1Qsx regulatory sequences. The graph summarises naultipl
experiments. Shown are the mean and standard idevizft percentages of neurula stage embryos
positive forp-galactosidase activity in the neural cells. Eamhstruct was electroporated in parallel
with the controlpGsx[-3857, +11] construct. Above each histogram bar is the totahlver of
embryos analysed, with the number of independgmrxents indicated in the brackets. Statistical
tests compared each deletion construct (blue barf)e corresponding control ([-3857, +11] red
bars). For the statistical tests, contingency tahlere made with the proportions of embryos
positive or negative (Supplementary table 3) andlymed by Fischer's exact test. ns= non-
significant; ****= P<0.0001. Below the graph arepresentative embryos for some constructs. The
blue cells in the embryos electroporated va@sx[-193, +11] andpGsx[-120, +11] are non-neural

cells.

Figure3

Window deletion analysis around the [-256, -193fjusnces. A) Fragments @sx upstream
sequences cloned are indicated with unbroken lifies. black rectangle represents the minimal
Brachyury promoter ppBra). Ticks indicate active constructs and crossestive constructs. B)
The construct content (ipGsx[n, n]bpBra) is shown below the bars of the three histograrhe.
graphs summarize multiple experiments. Top: show the mean and standard deviation of
percentages of neurula stage embryos positivddgalactosidase activity in the neural cells for
each construct compared to the corresponding do({t2857, +11] red bars) electroporations

conducted in parallel. Comparing the proportioneaibryos positive or negative relative to the
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corresponding control (full construct [-3857, +11fdicates that each construct is significantly
different (P<0.0001) compared to the full constriescher’s exact test). Above each histogram bar
is the total number of embryos analysed, with thmiber of independent experiments indicated in
the brackets. Middle (green box): the graph sholmes mean and standard deviations of the
percentage of embryos positive for neupafjalactosidase activity (from the top graph) that
exhibited ectopic laterdl-galactosidase activity. Bottom (blue box); thepgrahows the mean and
standard deviations of the percentage of embrys#ip® for neuralB-galactosidase activity that
exhibited ectopic anteriop-galactosidase activity. On the middle graph isidattd the total
number of neural-positive embryos analysed forréter anterior expansion d¢f-galactosidase
activity. Middle and Bottom graphs: differencedlive levels of ectopic expression between certain
deletion constructs and the corresponding conffals construct [-3857, +11]) was supported by
statistical analysis. For the statistical testgjtiogency tables were made with the proportions of
positive embryos exhibiting ectopic or no ectopitiaty (Supplementary table 3) and analysed by
Fischer’s exact test. ns= non-significant; ****= @9001. Statistical tests for [-256, -175], [-297,
236] and [-193, -100] were not conducted due to lowmbers of positive embryos. C)
Representative embryos showing nornflagjalactosidase (left), anterior and lateral expamsi
(middle) and lateral expansion (right). Schematiwdicate normal (red) and ectopic (blue for

anterior and green for lateral) expression. Adterindicate ‘mesenchyme’ ectopic activity.

Figure4

Role of MEK and Ets family members @sx gene regulation. Graphs show the mean and standard
deviation of percentages of neurula stage embrgegiype forB-galactosidase activity in the neural
cells or forGsx gene expression, under the conditions indicatechvAlkeach histogram bar is the
total number of embryos analysed, with the numbendependent experiments indicated in the
brackets. A)Gsx expression following U0126 treatment. B) Neupagalactosidase activity in
embryos electroporated withGsx[-365, +11] and treated with U0126. Gpsx expression in
embryos electroporated witpZic-r.b>EtsVP16 or pZic-r.b>EtsWRPW. Each half embryo was
scored independently. D) Neufabalactosidase activity in embryos electoporatetth pGsx| -365,
+11] or co-electroporated withGsx[-365, +11] andpZic-r.b>EtsVP16 or pZic-r.b>EtsWRPW. E)
Neural B-galactosidase activity in embryos electoporatedh wpGsx[-365, +11] or co-
electroporated withpGsx[-365, +11] and pZic-r.b>EIKVP64 or pZic-r.b>EIKWRPW. F) Gsx
expression in embryos electroporated wiic-r.b>EIKVP64 or pZic-r.b>EIKWRPW. Statistical
tests compared each experimental condition (blug) ba the corresponding controls (red bars). For

the statistical tests, contingency tables were madb the proportions of embryos positive,
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negative or weak (Supplementary table 3) and aedlpy Fischer's exact test (A, B, D, E) or Chi
square (C, F). ns= non-significant; ****= P<0.000h. C) pZic-r.b>EtsVP16 embryos were also
compared t@Zic-r.b>EtsWRPW embryos (Fischer’s exact test, P<0.0001).

Figure5b

The pGsx[-365, +11] sequences contain a Snail and Notch response mief@eaphs show the
mean and standard deviation of percentages of lzestage embryos positive frgalactosidase
activity in the neural cells under the conditionslicated. Above each histogram bar is the total
number of embryos analysed, with the number of pedeent experiments indicated in the
brackets. A) Embryos electoporated wiasx[-365, +11] and treated with DAPT. B) Embryos
electoporated withpGsx[-365, +11] or co-electroporated withGsx[-365, +11] and pEtr>Shail.
Statistical tests compared each experimental dondiblue bars) to the corresponding controls (red
bars). For the statistical tests, contingency tahlere made with the proportions of embryos

positive or negative (Supplementary table 3) aralysed by Fischer’s exact test. ****= P<0.0001.

Figure6

Role of Six3/6 inGsx gene regulation. A, B, D) Graphs show the meansaaddard deviation of
percentages of neurula stage embryos positivg-fyalactosidase activity in the neural cells or for
Gsx gene expression, under the conditions indicatedvAkeach histogram bar is the total number
of embryos analysed, with the number of independgpériments indicated in the brackets.G%x
expression in embryos electroporated wtr>LacZ or pEtr>Sx3/6. Each half embryo was
scored independently. B) Neufajalactosidase activity in embryos electoporateith pGsx| -365,
+11] or co-electroporated withGsx[-365, +11] andpEtr>Sx3/6. C) Expression o6sx in Six3/6-
MO-1 or Six3/6-MO-3 injected embryos. At late ndarstages, ectopiGsx is visible in anterior
cells (row IV) of Six3/6-MO injected embryos (redr@vs). Numbers indicate total number of
embryos analysed with numbers in brackets indigatie number of independent experiments. The
graph shows the proportion of embryos with ectapw IV Gsx gene expression. D) Neurgd
galactosidase activity in embryos electoporatech wiite pGsx constructs andoEtr>Sx3/6 as
indicated below. On the right are representativebrgos. Statistical tests compared each
experimental condition to the corresponding costrélor the statistical tests, contingency tables
were made with the proportions of embryos (whener@griate-positive, negative, weak, ectopic)
(Supplementary table 3) and analysed by Fischewstetest (B, C) or Chi square (A, D). ****=
P<0.0001.

2C



Figure7

The [-235, +11] sequences contain a temporal régyl@lement. Top: Graph shows the mean and
standard deviation of percentages of embryos fdtfalactosidase activity in the neural cells in
embryos electoporated withGsx[-365, +11] or pGsx[-365, -236] bpBra at the 6-row neural plate
stage, 30 minutes later (+30 minutes) or 60 minlses (+60 minutes). Above each histogram bar
is the total number of embryos analysed, with thmiber of independent experiments indicated in
the brackets. Below are representative embryo8@trinutes and +60 minutes time points. Rows
[l and IV and columns 2 and 3 are labelled to stst@ining patterns. Below each representative
embryo panel are the respective percentages ofiygogmbryos that displayed ectopic anterior
(row IV) or lateral (column 3p-galactosidase activity. Statistical tests compa&ach experimental
condition to the corresponding controls. For thaistical tests, contingency tables were made with
the proportions of embryos positive or negativep{@ementary table 3) and analysed by Fischer’s

exact test. ns= non-significant; ****= P<0.0001.
Figure 8

A schematic representation of the cis-regulatoyiare of Ciona Gsx, summarizing our main

conclusions.
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Supplementary Figures

Supplementary Figure 1

Deletion of the -278 to -121 sequences frompex[-3857, +11] construct. Top is a schematic
representation of the constructs analysed. Thehgslyows the mean and standard deviation of
percentages of neurula stage embryos positivB-galactosidase activity in the neural cells. Above
each histogram bar is the total number of embrywaslyaed, with the number of independent
experiments indicated in the brackets. The basainpter was not removed from this construct
since theGsx[-120, +11] sequences are able to drive expression @tarenhancer (Bertrand et al,
2003).

Supplementary Figure 2

A serial window deletion across the -256 to -10Qige in pGsx[-297, -100] bpbra>LacZ. A)
Deleted regions are indicated as Dn (example D1,ef@? Positions used in previous deletion
analysis are indicated.The green bar indicatesfagienatch to the Su(H) consensus binding site.
B) The graph shows the mean and standard deviafigrercentages of neurula stage embryos
positive for B-galactosidase activity in the neural cells. Abaarh histogram bar is the total
number of embryos analysed, with the number of pedeent experiments indicated in the
brackets. Statistical tests compared each expetaheandition (blue bars) to the corresponding
control (red bar). For the statistical tests, amygincy tables were made with the proportions of
embryos positive or negative (Supplementary tapkn8® analysed by Fischer’s exact test. ns= non-
significant; *= P<0.05; ** =P< 0.01; ***= P<0.00%***= P<0.0001.

Supplementary Figure 3

In silico predicted binding profiles for 3 differetmanscription factors, Six3/6, Snail and Ets ba t
region from 5510 to 5511 of chromosome 2, base8BIhEX-seq data. The -365 to +11 sequences
are depicted by the blue box. The first group atks (GSX-CI-CS-NORMALIZE_CI-8SELEX)
attributes to each base a score reflecting theigisetaffinity of the TFs to the target DNA, based
on SELEX-seq 6-mer enrichment counts (see methdt&).second group of tracks (GSX-CI-CS-
PEAKS_NORMALIZE_CI-8SELEX) only represents the lbo@axima (subsequently called peaks)
of the previous group of tracks. The third group ofracks (GSX-CI-CS-
10PER_PEAKS NORMALIZE_CI-8SELEX) shows only the tb@% highest peaks. In the fourth
group of tracks (GSCI-CS-5CONS_10PER), are onlyt ltep peaks conserved between the two

species (see methods) to which we associated & sabwe obtained by multiplying the peak
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heights in both species. The tracks KH2012 trapsanbdel show the position of ti@sx gene. The

bottom track shows the local score of sequenceerwason betweelirobu andCisavi.

Supplementary Figure4

The Six3/6-MOs recognise their target sites. A) €larct used in assay designed to test whether the
Six3/6-MOs act as sequence specific translationatkiers. 2.1kb of the upstream regulatory
sequences of Six3/6 (blue), containing the two oeedapping MO target sites, were fused (red)
with Venus YFP (green). This construp8x3/6>Venus, was injected into embryos with or without

a Six3/6-MO and assayed for YFP protein in the @mtenervous system (B). B) On the left are
confocal stacks of controp$ix3/6>Venus) and MO-injected gSx3/6>Venus +MO) larva. The
proportion of embryos scored for positive, weakréhadetectable) or negative detection of YFP
protein are indicated on the graph. Fischer’s etests compared MO injected embryos to controls.
*x= P<0.0001.

Supplementary Table 1
Primer sequences used to generate the deletias sgasented in Figure 2.

Supplementary Table 2
Primer sequences used to generate the window aeleteries presented in Figure 3 and

Supplementary Figure 2.

Supplementary Table 3
Contingency tables used for the Fisher's exact@midsquare statistical tests.
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