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ARTICLE INFO ABSTRACT

Keywords: In a multitude of organisms, transcription factors of the basic helix-loop-helix (bHLH) family control the
bHLH expression of genes required for organ development and tissue differentiation. The functions of different bHLH

B)jachyury transcription factors in the specification of nervous system and paraxial mesoderm have been widely
Ciona investigated in various model systems. Conversely, the knowledge of the role of these regulators in the
greﬂr::nri:egrulatory network development of the axial mesoderm, the embryonic territory that gives rise to the notochord, and the identities
Notochord of their target genes, remain still fragmentary. Here we investigated the transcriptional regulation and target

genes of Bhlh-tunl, a bHLH transcription factor expressed in the developing Ciona notochord as well as in
additional embryonic territories that contribute to the formation of both larval and adult structures. We
describe its possible role in notochord formation, its relationship with the key notochord transcription factor
Brachyury, and suggest molecular mechanisms through which Bhlh-tunl controls the spatial and temporal

expression of its effectors.

1. Introduction

Basic helix-loop-helix (bHLH) transcription factors play relevant
roles in a variety of developmental and evolutionarily conserved
processes, including cell-fate specification and tissue differentiation
(Gyoja, 2017). bHLH proteins contain basic amino acids that facilitate
binding to DNA and a helix-loop-helix domain that mediates their
homo- or heterodimerization; this process can, in turn, modify their
effect on the transcription of their target genes (Wang and Baker, 2015).
The dimerization of bHLH proteins brings the DNA-binding domains
together, allowing them to bind a specific core nucleotide sequence, the
E-box (CANNTG), and thus trigger either transcriptional activation
or repression (e.g., Jones, 2004; Suzuki et al., 2014). Expression studies
suggest that the notochord of the tunicate Ciona, an invertebrate
chordate particularly amenable for studies of embryogenesis,
development and evolution (Passamaneck and Di Gregorio, 2005;

Jiang and Smith, 2007; Lemaire et al., 2008), expresses approximately
less than one hundred distinguishable transcription factor genes
(e.g., Satou et al., 2001; Kusakabe et al,, 2002; Imai et al., 2004;
Kugler et al., 2008; José-Edwards et al., 2011; Reeves et al., 2017).
Among these is Bhlh-tunl (formerly Orphan bHLH-1), which is
expressed robustly in the Ciona notochord beginning around late
gastrulation (Satou et al., 2001; Imai et al,, 2004). The predicted
Bhlh-tunl protein does not evidently meet the criteria for any of the
current monophyletic bHLH groupings, which are based on conserved
features such as the presence of a leucine zipper (Jones, 2004); instead,
Bhlh-tun1 is composed of only 139 amino acids, half of which are part of
the basic DNA-binding domain. The appearance of Bhlh-tunl transcripts
in the notochord precursors closely follows the onset of notochord
expression of the Ciona counterpart of Brachyury (Ci-Bra), a gene that
plays an evolutionarily conserved, major role in notochord formation in
all chordates analyzed thus far (Kispert et al., 1995; Corbo et al., 1997;
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Satoh et al., 2012;Nibu et al., 2013). In addition to being expressed in
the notochord, Bhlh-tunl is expressed in the anterior-most region of the
sensory vesicle, which is part of the pre-metamorphic CNS and contains
the anlagen of the oral siphon, a structure that develops after metamor-
phosis, as well as in the developing epidermis. Expression in the
epidermal midline begins at neurula and persists throughout the late
tailbud and larval stages (Imai et al., 2004; Roure and Darras, 2016). It
is noteworthy that, differently from Ci-Bra, Bhlh-tunl is robustly
expressed also after metamorphosis, well after the disappearance of
the notochord. Expression of Bhlh-tunl has been reported in the inner
atrial siphon muscle precursors (JASMP) of late swimming larvae
(around stage 29; Hotta et al., 2007), and is later detected in the oral
siphon muscles and their precursors (Razy-Krajka et al., 2014; Tolkin
and Christiaen, 2016).

The early onset of notochord expression of Bhlh-tunl and the
occupancy of its genomic locus by Ci-Bra, which was revealed by ChIP-
chip experiments (Kubo et al., 2010), led us to hypothesize that Bhlh-tun1
might act as a transcriptional intermediary of Ci-Bra and thus be part of
the Ci-Bra-downstream notochord gene regulatory network (GRN).
To test this hypothesis, we sought to isolate and characterize notochord
enhancer(s) within the Bhlh-tunl genomic locus, and to identify genes
that might be controlled by Ci-Bra through Bhlh-tunl. We analyzed the
phenotype caused by the overexpression of Bhlh-tunl in the notochord
and, through microarray screens, we identified potential target genes of
Bhlh-tunl. As expected, these genes are expressed not only in the
notochord, but also in epidermis and developing CNS, and in juvenile
organs after metamorphosis.

The results of this study position Bhlh-tunl within the
Ci-Bra-downstream regulatory hierarchy responsible for notochord
development, and shed light on the role of this transcription factor in
modulating the expression of genes involved in the morphogenesis of
this structure.

2. Materials and methods
2.1. Animals and electroporations

Adult Ciona robusta (formerly Ciona intestinalis species A)
were purchased from Marine Research and Educational Products
(M-REP; Carlsbad, CA) and kept at 16 °C in recirculating artificial
seawater. Culturing, electroporations, fixation and staining were car-
ried out as previously described (Oda-Ishii and Di Gregorio, 2007).
To obtain transgenic juveniles, electroporated embryos were trans-
ferred to non-coated Petri dishes after hatching and reared in filtered
artificial seawater for 9 days (approximately early juvenile I stage;
Hotta et al., 2007), in the presence of diluted food particles and a
mixture of penicillin/streptomycin. The seawater was replaced every
2-3 days to avoid contamination. Each construct was tested a mini-
mum of 4 times on different batches of embryos, in parallel with the
empty pFBASP6 vector as a control (Oda-Ishii and Di Gregorio, 2007).
A minimum of 50 fully developed, X-Gal stained embryos were scored
per experiment, for each construct.

2.2. Plasmids construction

The Bhlh-tunl 1.7-kb 5’-flanking region was PCR-amplified from
Ciona robusta genomic DNA using the following primers (restriction
sites are underlined):

bHLH1-1.7kb-5: 5’-tccactcgagCTGCCACGTTACTTCTCCATTC-3’
bHLH1-1.7kb-3: 5’-cctgtctagaCAATAGTCAACGCGTATGTTAC-3’

then digested and ligated as an XhoI/Xbal fragment into the
pFBASP6 vector (Oda-Ishii and Di Gregorio, 2007). Subsequent
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deletions were made by restriction enzyme digestion or by PCR
amplification. Mutant versions of the minimal enhancer regions were
generated by PCR amplification. Additional oligonucleotide sequences
are available upon request.

To generate the Bra>Bhlh-tunl construct, the eGFP
coding sequence was excised from the 3.5-kb Ci-Bra > eGFP plasmid
(Corbo et al., 1997) by digestion with NotI and BlpI, and the remaining
plasmid was ligated with the annealed oligos:

Not.Apa.Spe.linker.F:

5’-GGCCGCGGAGGAGGGCCCGGAGGAACTAGTGGAGGAGC-3’
Not.Apa.Spe.linker.R
5’-TCAGCTCCTCCACTAGTTCCTCCGGGCCCTCCTCCG-3’

to generate the vector p3.5Bra.link.

The coding region of GFPci (Ciona codon-optimized GFP), which is
considerably brighter than eGFP (Zeller et al., 2006), was amplified as
previously described (Passamaneck et al., 2009) and cloned into the Spel/
BlplI sites of p3.5Bra.link to generate the p3.5Bra.GFP intermediate vector.
The Bhlh-tunl coding sequence was PCR-amplified with the primers:

bHLH1.F.Apa: 5’-tggtagggcccATGGTTAAAGCGAGCCCGATCAAAGA-3’
and
bHLH1.R.Spe: 5'-ggttactagtCTCTCGCGTTCTGGAATTGGAAT-3’

digested with Apal/Spel and ligated with the p3.5Bra.GFP inter-
mediate vector to create the Bra > Bhlh-tunl::GFPci.

To construct the FoxA.a > Bhlh-tunl::Venus plasmid, the Venus
coding region (Nagai et al., 2002) was amplified with the primers:

Venus.F.Spe5’-aaggactagt ATGGTGAGCAAGGGCGAGGAG-3’ and
Venus.R.Blp5’-cgaccggegetcagc TTACTTGTACAGCTCGTCCATGCC-3’

The resulting fragments were digested with NotI/BIpI respectively,
then cloned into the NotI/BIplI sites of p2.5FoxA.a.link to produce the
final FoxA.a > Bhlh-tunl::Venus construct.

To identify a notochord CRM linked to Claudinl6/17/19
(KH.C5.124), a genomic DNA fragment spanning 300 bp located in
the 5’-flanking region of this gene was PCR-amplified from C. robusta
DNA using the following primers:

Claudin Forward: 5’-acgtctcgagCCACTTACATTCATCAAACAACAA-3’
Claudin Reverse: 5’-acgttctagaCATATATGGCGTGACCAAGTT-3’

The resulting PCR product was digested and ligated into the Xhol/
Xbal sites of the pFBASP6 vector (Oda-Ishii and Di Gregorio, 2007).

2.3. RNA probes synthesis

Antisense RNA probes were synthesized using as templates cDNAs
from the available Ciona EST collections (Satou et al., 2001; Gilchrist
et al., 2015). cDNAs not represented in EST collections were amplified
by RT-PCR from Ciona RNAs, essentially as previously described
(Oda-Ishii and Di Gregorio, 2007); primer sequences are available
upon request. For antisense RNA probe synthesis, one microgram of
each purified plasmid DNA was used as a template for in vitro
transcription in the presence of T7 RNA polymerase and 11-digox-
igenin-UTP (Roche Applied Science, Indianapolis, IN, USA), according
to the manufacturer's instructions.

2.4. Whole mount in situ hybridization (WMISH)

WMISH experiments were performed as previously described
(Oda-Ishii and Di Gregorio, 2007), using a hybridization temperature
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Fig. 1. The Ci-Bra-dependent expression of Bhlh-tun1 is recapitulated by its cis-regulatory region. (A,B) Whole-mount in situ hybridizations (WMISH) of late tailbud II embryos (stages
according to Hotta et al., 2007) with a Bhlh-tunl digoxygenin-labeled antisense RNA probe. (A) Control embryo. (B) Transgenic embryo carrying the Ci-FoxA.a > Ci-Bra construct
(abbreviated as FoxA.a > Bra). (C,D) Whole-mount late tailbud II embryos stained to detect beta-galactosidase activity after having been electroporated with a 1.7-kb genomic fragment
from the 5’-upstream region of Bhlh-tunli, either alone (C), or in combination with the FoxA.a > Bra construct (D). (E,F) WMISH of early tailbud I embryos with the same probe used in
(A,B). (E) Control embryo. (F) Mutant embryo, presumably with Ci-Bra”~ genotype, displaying a shorter tail and malformed notochord compared to stage-matched controls. These
embryos lack expression of Bhlh-tunl in the notochord (white arrowhead), yet they retain expression of this gene in its additional expression domains (arrowheads). Arrowheads are
color-coded as follows: red, notochord; blue, CNS; green, epidermis; purple, mesenchyme; grey, cells that are misplaced to the ventral region of the embryo as a consequence of the
ectopic expression of Ci-Bra in CNS and endoderm precursors and its over-expression in notochord cells. White, notochord cells showing no expression of Bhlh-tunl. All embryos are
oriented with anterior to the left and dorsal up. Scale bars indicate approximately 100 um in A and 50 um in E. Ctrl, control wild-type embryo.

of 42°C. After the detection reactions were satisfactorily completed
(~4-48h.), embryos were washed 6 times in 100% ethanol,
rinsed briefly in xylenes, and mounted in Permount (Sigma,
St. Louis, MO, USA).

2.5. Microarray screens

For the microarray screens, approximately 200 embryos expressing
either the FoxA.a > Bhlh-tunl::Venus or the Bra > Bhlh-tunl::GFPci
transgenes were manually selected under an epifluorescent microscope
and RNA was extracted using the RNeasy kit (Qiagen, Valencia, CA),
following the manufacturer's protocol. Control RNA was extracted from
stage-matched non-electroporated embryos from the same clutch,
cultured in parallel. One microgram of total RNA per sample was
labeled with either Cy3 or Cy5 and hybridized to 6 slides of a Ciona
robusta microarray (Agilent Technologies, Santa Clara, CA), essentially
as previously described (Azumi et al., 2003; Yamada et al., 2005). The
results were analyzed using the GeneSpring software (Agilent
Technologies).

2.6. Reverse transcription quantitative PCR (qRT-PCR)

For qRT-PCR, we extracted RNA from stage 19/early tailbud stage I
(Hotta et al., 2007) wild-type embryos and embryos from the same
clutch electroporated with the FoxA.a > Bhlh-tunl plasmid and reared
in parallel (9.3 h. cultures at 18 °C). In a second set of experiments,

RNA was extracted from wild-type and transgenic embryos at stage
23/late tailbud I (12 h. cultures at 18 °C) (Hotta et al., 2007). RNAs
were transcribed to ¢cDNA using the Cell-to-Ct kit (Thermo Fisher
Scientific, USA). The ¢cDNA samples obtained were then analyzed by
quantitative PCR using the SYBR green method (Thermo Fisher
Scientific, USA). Details of the experimental results are listed in
Table S1, oligonucleotide sequences can be found in Table S2.

2.7. Protein purification

The nucleotide sequence encoding the entire Bhlh-tunl protein was
amplified from Ciona ¢cDNA using primers (restriction sites are under-
lined):

bHLHI1-CDS-5: 5’-gccagaattcGCAAAAATGGTTAAAGCGAGCCCGA
TC-3’
bHLH1-CDS-3: 5’-tccactcgagGATTCACTCTCGCGTTCTGGAATTG-3’

and cloned in-frame with a GST tag into the XhoI/EcoRI sites of the
PGEX-4T-2 expression vector (GE Healthcare, Piscataway, NJ).
The resulting plasmid was transformed into chemically competent
BL21 (DE3) E. coli. Bacteria were grown at 25 °C, and protein expression
was induced by adding 0.5 mM IPTG to the medium for 3h. The
GST-Bhlh-tun1 fusion protein was purified from crude bacterial extracts
using Glutathione Sepharose 4B beads (GE Healthcare, Piscataway, NJ)
according to the manufacturer's instructions, and eluted in 50 mM
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Tris pH 8.0 containing 10 mM reduced glutathione.
2.8. Electrophoretic mobility shift assay (EMSA)

For the EMSA shown in Fig. S2, the following double-stranded
oligonucleotides were used (only the 5’-3’ strand is reported):

5’- cagatcgtcCAATTGetacttctg -3’ (AT core E-box)

5'- ttaaaatatCACATGatatagagg -3’ (CA core E-box)

5’- cagttcaatCACTTGtattaatag -3’ (CT core E-box)

5’- atctctaagCATATGttctttaat -3’ (TA core E-box)

5’- aaattggecCATGTGgtttaaaac -3’ (TG core E-box, different flanking)
5'- tggtataaaCATTTGaaagaatat -3’ (TT core E-box)

Other CANNTG sequences were used in separate experiments with
similar results; cold competition assays confirmed binding specificity
(data not shown). Complementary oligonucleotides were annealed,
radioactively labeled and purified as previously described (Dunn and Di
Gregorio, 2009). Protein-DNA complexes were formed on ice for
30 min, in the presence of ~3 x 10* cpm of each probe and 80 ng of
the GST-Bhlh-tun1 fusion protein. The complexes were fractionated on
5% polyacrylamide/0.5x TBE gels and visualized by autoradiography.

3. Results

3.1. Expression of Bhlh-tunl in notochord cells is dependent upon
Ciona Brachyury

We hypothesized that the notochord expression of Bhlh-tunl
(KH.C7.269; Dehal et al., 2002; Satou et al., 2008) might be dependent
upon Ci-Bra, based on the observation that the strong expression of
Bhlh-tunl in the notochord begins around the late gastrula stage,
2-3 cell divisions after the onset of Ci-Bra transcription, and continues
until the late tailbud stages (Fig. 1A). To test this hypothesis, the
Bhlh-tunl expression pattern was analyzed in embryos electroporated
with the FoxA.a > Bra misexpression construct. This construct has
been shown to activate ectopic transcription of Ci-Bra in the CNS and
endoderm (Takahashi et al, 1999), thus giving the embryos
a characteristic phenotype (Fig. 1B,D), and has been employed for a
subtractive screen that led to the identification of 45 notochord genes
that respond to Ci-Bra (Hotta et al., 2000, 2008). Embryos electro-
porated with FoxA.a > Bra and hybridized in situ with the Bhlh-tunl
probe showed ectopic expression of this gene, indicating that Bhlh-tunl
responds to the misexpression of Ci-Bra (Fig. 1B). These results
prompted the search for a Ci-Bra-downstream notochord cis-regulatory
module (CRM) within the Bhlh-tunl locus. To this aim, a 1.7-kb DNA
fragment located 5’ of the Bhlh-tunl coding region was cloned
upstream of the Ci-FoxA.a basal promoter fused to the LacZ reporter
gene (Oda-Ishii and Di Gregorio, 2007) and tested in vivo by electro-
poration in Ciona zygotes. In transgenic embryos, this genomic region
recapitulates the strong expression of Bhlh-tunl in notochord cells and
sensory vesicle, and displays expression in mesenchyme, which is likely
ectopic and attributable to the vector (Fig. 1C; see also Fig. 2C). When
this 1.7-kb CRM was co-electroporated into 1-cell stage embryos along
with the FoxA.a > Bra construct, ectopic reporter gene expression was
detected (Fig. 1D), suggesting that this CRM was responsive to Ci-Bra,
similarly to Bhlh-tunl. To confirm these results, we assessed the effects
of Ci-Bra depletion on the notochord expression of Bhlh-tunl, by
performing WMISH in parallel on wild-type controls and on mutant
embryos carrying a null allele of Ci-Bra, generated in Ciona robusta
via ENU mutagenesis (Chiba et al., 2009) (kindly provided by
Dr. William Smith; University of California, Santa Barbara) using a
Bhlh-tunl antisense RNA probe synthesized using as a template EST
clone 69009. In total, 456 embryos, which included heterozygous and
homozygous mutants, were scored for notochord staining. Of these,
308 (~68%) showed notochord expression of Bhlh-tunl and
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148 (~32.5%) displayed a shorter tail compared to stage-matched
controls and lacked expression of Bhlh-tunl in their notochord
(Fig. 1E,F). Before metamorphosis, Bhlh-tunl is also strongly
expressed in the epidermal midline (Imai et al., 2004; Roure and
Darras, 2016) and in parts of the sensory vesicle, the anterior-most
region of the CNS (Imai et al., 2004). Expression of Bhlh-tunl in these
structures remained unaltered in Ci-Bra mutant embryos, thus provid-
ing an internal control for the WMISH experiments (Fig. 1F).
Remarkably, in addition to direct reporter gene expression in noto-
chord, sensory vesicle and mesenchyme, the 1.7-kb genomic region is
also active in both siphon primordia in hatched larvae (Fig. S1A,B). In
juveniles, this region directs staining in cells of the developing oral
siphon (Fig. SIC,C’) and in part of the atrial siphon muscle
(Fig. S1D,D").

3.2. Enhancer analysis reveals the minimal sequences required for
Bhlh-tunl expression in the notochord

We tested different genomic regions from the Bhlh-tunl locus for
cis-regulatory activity (Fig. 2), in addition to the 1.7-kb region shown in
Fig. 1. We found that neither the small coding region of Bhlh-tunl
(1.2-kb fragment, Fig. 2) nor a 1-kb region downstream of it (1-kb
fragment, Fig. 2) produced staining in vivo. However, a 995-bp
fragment located 0.9 kb upstream of the 1.7-kb CRM directed LacZ
expression in tail epidermis (Fig. 2A). Epidermal staining is not
detected in embryos electroporated with the 1.7-kb CRM (Fig. 2B),
and is absent in control embryos electroporated with the empty vector
(Fig. 2C), which suggests that this separate epidermal CRM might act
in combination with the former one to produce the composite expres-
sion pattern of Bhlh-tunl. Sequence inspection revealed that the 1.7-kb
notochord CRM contained several generic TNNCAC candidate Ci-Bra
binding sites (Di Gregorio and Levine, 1999; Katikala et al., 2013), as
well as putative binding sites for another evolutionarily conserved
notochord transcription factor, Ci-FoxA.a (Passamaneck et al., 2009;
José-Edwards et al., 2015). In order to identify the most relevant ones
among these putative binding sites, and to analyze their individual
contributions and possible synergistic activities, a 144-bp sequence
that still yielded reliable notochord staining in > 50% of the electro-
porated embryos was identified through serial truncations (Fig. 2 and
data not shown). This 144-bp sequence contained three putative
binding sites for Ci-Bra and 2 for Ci-FoxA.a, and therefore was
subjected to mutation analysis (Fig. 2). A total of 16 constructs,
containing individual and compound mutations of all the Ci-Bra and
Ci-FoxA.a putative binding sites were prepared and tested in vivo
(Fig. 2 and data not shown). This analysis showed that removal of all
the Ci-Bra binding sites from the 144-bp Bhlh-tunl notochord CRM
caused a reduction of notochord staining, but was not sufficient to
abolish its activity, and neither was the combination of these mutations
with the removal of the Ci-FoxA.a binding sites. Through further
truncations we identified a 58-bp minimal enhancer region that still
elicited notochord staining (Fig. 2D). Additional mutation analysis was
carried out on this 58-bp region and indicated that an ATTA minimal
sequence, which is the core binding site for transcription factors of the
homeodomain family, was necessary for notochord activity (Fig. 2E,F).
Removal of 9bp encompassing the ATTA sequence from the 58-bp
minimal region completely eliminated notochord staining, leaving only
vector background staining (Fig. 2G, compare to Fig. 2D). When tested
in isolation as part of a 24-bp fragment that lacked all Ci-Bra and
Ci-FoxA.a sites, the 9-bp sequence necessary for activity was not
sufficient to trigger notochord expression (data not shown), suggesting
that this homeodomain binding site is not working independently, but
rather in combination with the Ci-Bra and Ci-FoxA.a binding sites
found in the 58-bp sequence.
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Fig. 2. Identification and characterization of an epidermis CRM and a notochord CRM from the Bhlh-tunl genomic locus. Schematic representation of the Bhlh-tunl locus and its
genomic surroundings, which include the flanking genes KH.C7.157 (Emc; light blue; Imai et al., 2004) and KH.C7.805 (lilac; Brozovic et al., 2016). Exons are indicated as blue boxes,
introns are shown as lines between them. Two enhancer regions are depicted as compact bars, colored in green (epidermis) and red (notochord), respectively. Oblique lines indicated
intervening genomic regions devoid of gene models that have not been depicted. Black bent arrows indicate the approximate transcription start sites. Within the red bar that represents
the 1.7-kb CRM identified directly upstream of the Bhlh-tunl coding region, the 144-bp notochord CRM is indicated, and is then magnified and annotated with putative binding sites for
Ci-FoxA.a (blue ovals, consensus sequence shown on the left side of the figure) and for Ci-Bra (yellow vertical bars). The specific sequences of these sites are indicated below the 144-bp
CRM depiction (blue letters for Ci-FoxA.a binding sites, black for Ci-Bra), and mutant base pairs are indicated by lower-case letters. All fragments were cloned upstream of the Ci-FoxA.a
basal promoter (pink box) driving the LacZ reporter gene (blue bar, annotated). Plus or minus signs in the ‘Notochord Activity’ column indicate the presence or absence of notochord
staining related to each construct. Two plus signs indicate a qualitatively stronger notochord staining in > 50% of the electroporated embryos. (A-C) Mid-tailbud embryos electroporated
at the 1-cell stage with either the 995-bp genomic fragment (green box) (A), or the Bhlh-tunl 1.7-kb CRM (red box) (B) or the empty pFBASP6 vector (C), fixed and stained with X-Gal.
The image in Panel A is a composite of 3 microphotographs of the same embryo, photographed in different planes of focus, z-stacked using the ImageJ software (www.imagej.net). (D-G)
Low-magnification microphotographs of representative transgenic embryos selected from larger batches to display the staining produced by the 58-bp minimal notochord enhancer
fragment (D) and two of its mutant forms (E,F), alongside the 49-bp truncation that lacks notochord activity (G). Arrowheads are color-coded as in Fig. 1; orange arrowheads indicate
muscle staining. SV, sensory vesicle; VG, visceral ganglion.

3.3. Insights into the function of Bhlh-tunl in notochord formation mobility shift assays (EMSA) in the presence of radiolabeled double-
stranded oligonucleotides containing E-box sequences (CANNTG) with

As a first step towards elucidating the function of Bhlh-tunl in different core sequences. EMSA experiments were repeated using
notochord formation, we investigated whether Bhlh-tun1 possessed the probes of different length containing E-boxes of variable sequences in
ability to bind DNA specifically and autonomously. As mentioned parallel with unrelated sequences, as well as in the presence of
above, Bhlh-tunl is comprised primarily of a single helix-loop-helix increasing amounts of unlabeled competitor double-stranded oligonu-
DNA-binding domain, with minimal sequence on either side, according cleotides. These assays confirmed that GST-Bhlh-tunl is able to bind

to the available Ciona robusta gene models (Dehal et al., 2002; Satou DNA in vitro and to specifically recognize E-boxes (Fig. S2 and data
et al., 2008). We attempted both 5’- and 3’-RACE experiments not shown). Having demonstrated that, in principle, Bhlh-tunl

(Frohman, 1993) to determine whether the gene model was correct, could act as a transcription factor, we proceeded with the creation of
however no significant ORF was found beyond the predicted start and gain-of-function constructs that could induce the over-expression
stop codons (data not shown). Next, in order to determine whether of this protein in the notochord, and its ectopic expression in CNS
Bhlh-tunl was able to bind DNA in vitro, we expressed and purified a and endoderm.

GST-Bhlh-tun1 fusion protein, which was employed for electrophoretic A construct able to over-express Bhlh-tun1 specifically in notochord
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Fig. 3. Effects of the overexpression of Bhlh-tunl on notochord and body plan formation. (A,B) Confocal microphotographs of Ciona embryos carrying the Ci-Bra > GFP neutral
notochord marker, either alone (A) or in combination with the Ci-Bra > Bhlh-tun1::GFP construct (abbreviated as Bra > Bhlh-tun1::GFP) (B). Insets show close-ups of the regions boxed
in white in each panel. The percentage of embryos displaying the notochord phenotype is reported in the top right corner of Panel B. Both embryos were stained with rhodamine-
phalloidin as previously described (José-Edwards et al., 2013). (C) Overlap of bright-field and fluorescent confocal microphotographs of an embryo carrying the FoxA.a > Bhlh-tunl
construct, representative of the phenotype induced by this transgene. All 40 notochord cells are fluorescent, and the panel shows a collapsed z-stack of their images acquired serially from
the whole-mount embryo. The frequency of embryos displaying this phenotype is indicated in the bottom left corner. Inset shows the notochord cells in dark field (see also Supplemental
Movie 1). The area boxed in red in (C) and in the inset is shown at higher magnification in (C’) to highlight the changes in cell shape induced by the overexpression of Bhlh-tun1. Scale

bar in C’: 10 um.

cells was created by cloning the Bhlh-tunl ¢cDNA downstream of the
3.5-kb Ci-Bra promoter region (Corbo et al., 1997), and was electro-
porated in Ciona zygotes (Fig. 3A,B). In stage-matched control
embryos (Fig. 3A), all 40 notochord cells are aligned into a single
row as a result of the intercalation of two separate rows of 20 cells each
(Fig. 3A, inset; Jiang and Smith, 2007). Most of the transgenic embryos
over-expressing Bhlh-tunl in notochord cells developed a kinked tail,
whereby one or more regions of the notochord appeared to have
undergone faulty intercalation (Fig. 3B, and inset therein). Time-
course experiments revealed that these areas appeared at the early
tailbud stage (Fig. S3A-D) and caused multiple kinks in the developing
tail, which then resulted in visible bends in the tails of older tailbuds
(Fig. S3E-H). A second construct aimed at ectopically expressing
Bhlh-tunl was obtained by cloning the fluorescent-tagged Bhlh-tunl
downstream of the Ci-FoxA.a promoter region, which drives expression
in notochord, endoderm, CNS and mesenchyme, and occasionally in a
few muscle cells and small patches of epidermis (Di Gregorio et al.,
2001 and data not shown) (Fig. 3C,C’). Approximately 75.3% of the
embryos electroporated with the FoxA.a > Bhlh-tunl construct dis-
played the tail phenotype reported in Fig. 3C, whereby the notochord
cells showed an irregular shape, had lost their colinearity and appeared
spread out along the dorso-ventral axis, thus causing the tail to appear
shorter and enlarged compared to control embryos (Fig. 3C,C’ and
Supplemental Movie 1).

Supplementary material related to this article can be found online
at doi:10.1016/j.ydbio.2019.01.002.

3.4. Bhlh-tunl influences transcription of genes expressed in
embryonic tissues as well as in post-metamorphic structures

We used a subtractive microarray screen to identify Bhlh-tunl
transcriptional targets that might be responsible for the notochord
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phenotype observed (Fig. 3). RNAs were extracted from embryos that
in addition to over-expressing Bhlh-tunl in the notochord ectopically
expressed this gene in CNS, endoderm and mesenchyme, through the
construct FoxA.a > Bhlh-tunl::Venus (Fig. 3C,C’), and were used to
hybridize a Ciona robusta custom microarray chip (Azumi et al., 2003;
courtesy of Dr. Nori Satoh). RNAs extracted from stage-matched wild-
type embryos were used as a control. The screen yielded 57 genes with
expression fold-change higher than 2.0, and one of these genes was
Bhlh-tunl itself. Expression data were available for 24 of the remaining
56 genes; we performed WMISH to determine the expression of the 32
uncharacterized genes, and discernible expression patterns were
obtained for 27 of them; the remaining five genes yielded no detectable
expression or unclear hybridization signals (Table 2). Fifteen of these
newly identified expression patterns are shown in Fig. 4, which
includes the expression of Bhlh-tunl at the mid-tailbud stage for
reference (Fig. 4A). Fourteen of the 27 patterns identified in this study
(~52%) included the notochord and/or its precursors, either specifi-
cally, or, more frequently, in combination with some regions of the
epidermis and/or other tissues (Fig. 4B—M and data not shown); four
genes were predominantly expressed in epidermis, and were not
detected in the notochord (Fig. 4N—P and data not shown); two genes
showed a diffuse, semi-ubiquitous pattern stronger in parts of the CNS
(data not shown); seven genes were expressed in tissues not consistent
with the pre-metamorphic expression pattern of Bhlh-tunl, such as
endoderm and tail muscle (data not shown), but were not further
analyzed in post-metamorphosis stages and might be expressed in
post-metamorphic structures consistent with the Bhlh-tunl expression
territories in juveniles. In addition, one possible cause for the detection
of genes expressed in territories that are apparently devoid of
Bhlh-tun1 expression in wild-type embryos could be the leaky, sporadic
ectopic activity of the FoxA.a promoter region, which is detected
particularly in mesenchyme and tail muscle, and occasionally in
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Fig. 4. Expression studies of putative Bhlh-tun1 target genes. (A-P) WMISH of Ciona embryos with digoxigenin-labeled antisense RNA probes for genes identified in the microarray
screen. The EST clones used to generate each probe are reported in the top right corner of each panel. Most embryos are at tailbud stages (approximately ranging from mid-neurula to
mid-tailbud II; Hotta et al., 2007); (B) dorsal view of mid-neurula embryo; (C) slightly lateral view of a mid-neurula embryo. Arrowheads are color-coded as in Fig. 1. (Q,R) Pie graphs
showing the distribution within different expression territories of the genes identified as putative Bhlh-tunl targets (Q) and the gene ontologies available for the 16 of the 21 Bhlh-tun1
targets expressed in notochord cells. Genes expressed in epidermis are framed in green (N-P). Current gene models are indicated in the bottom left corner of each panel; gene names,
whenever available, are reported on the bottom right corner of each panel. TXF, transcription factor; ECM, extracellular matrix.

epidermis (Di Gregorio et al., 2001). We observed variability in the
windows of expression of the presumptive Bhlh-tunl-downstream
notochord genes, as some of them are expressed transiently, in
particular during the early tailbud stages, while a few of these genes
are expressed starting at late neurula and persist through the late
tailbud stages. In the case of the larger group of genes that we
tentatively classified as notochord genes, expression was detected
predominantly in notochord but was also found in epidermis, and
the relative expression levels in these tissues changed during different
developmental stages. This was the case for KH.C3.304, which encodes
RGS4/5/8, a GTPase activator; this gene is first detected in notochord
and neural precursors, and by neurulation is expressed in notochord,
neural folds, epidermis, and precursors of the anterior-most regions of
the CNS and future palps (Fig. 4B and data not shown). At the mid-
tailbud stage, expression fades from the notochord and persists in CNS
and tail epidermis (inset in Fig. 4B). A similarly dynamic pattern was
observed in the case of KH.C2.411, a seemingly ascidian-specific gene
without clear homologies (Fig. 4C and data not shown).

The 27 published patterns (Table 1) included 7 notochord genes,
7 genes expressed in epidermis, one gene expressed in the sensory
vesicle, 7 genes reportedly expressed after metamorphosis and 5 genes
with diffuse/unclear expression. The post-metamorphic expression
patterns encompass a variety of structures that are formed after
metamorphosis, including branchial pharynx and atrial siphon muscle
(Table 1, and references therein). Expression in the atrial siphon
muscle is consistent with the expression of Bhlh-tunl in inner atrial
siphon muscle precursors (Razy-Krajka et al., 2014; Tolkin and
Christiaen, 2016). The combined results of previously published
expression patterns consistent with the pre-metamorphic expression

territories of Bhlh-tunl are summarized in Fig. 4Q together with the
results of this study (Table 2).

In sum, the results of this study indicate that the expression of
21 notochord genes might be modulated by Bhlh-tunl (Table 3).
These genes include MLKL (mixed lineage kinase domain-like pseu-
dokinase; KH.C4.411), which is first detected in early neurulae
and remains notochord-specific throughout the late-tailbud stages
(José-Edwards et al., 2013), and another highly expressed notochord
gene, Beta-4-galactosyltransferase (Beta4GalT; Hotta et al., 2000;
Katikala et al., 2013); on the other hand, LoxI displays diffuse, weak
signal in notochord and additional expression in mesenchyme
(KH.C8.476; Kugler et al., 2008), similarly to AGRD1 (KH.C9.832;
Fig. 4D), GDIR1 (KH.L106.8; Fig. 4I), and GSHI (KH.C1.158; Fig. 4J).

Gene ontologies were available for 16 of the 21 Bhlh-tun1 target
genes expressed in the notochord, and were individually analyzed in
order to reconstruct the function of this factor in notochord develop-
ment (Fig. 4R). Of note, one of these genes encodes for a transcription
factor, Lhx3/4, which is a candidate activator of the Bhlh-tunl
notochord CRM identified in this study (see above). In addition,
GDIR1 is predicted to act as a Rho-GDP dissociation inhibitor,
SWP70 for a regulator of cytoskeletal rearrangement, RGS4/5/8 and
TBC3C/D are predicted GTPase activators, and SHRM2/3/4 encodes
an actin-binding protein. These predicted regulators/effectors of
cytoskeletal rearrangements have been tentatively grouped as ‘regula-
tors of cell-shape’ in Fig. 4R. In addition, AGRD1 is a predicted
transmembrane receptor, S22A1/4/5 is a transmembrane transporter,
MLKL encodes for a predicted cation channel, and CLDN16/17/19 is a
predicted claudin, a transmembrane component of intercellular tight
junctions (grouped as ‘transmembrane’ in Fig. 4R). Loxl is an
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Table 2 (continued)

Gene Ontology

Figure

Reference

Classified as:

Expression

Latest Gene

Name

KH gene model Alternative/former Gene

Name(s)

Integral to membrane, positive

Data not
shown

This Study, EST 08a19

CNS

Diffuse staining, stronger in sensory

vesicle

LIGO1; LIGO2;

LIGO3

LINGO1/2/3/4

KH.C9.842

regulation of synapse assembly

N/A

Data not
shown

This Study, EST 69L04

No expression

No expression

KH.S404.8

KH.S404.8

N/A

Fig. 4G

This Study EST 43al7

Notochord

Diffuse staining in the tail, including

notochord

KH.C7.26

KH.C7.26

N/A

Data not
shown

This Study EST 32c05

Epidermis

Epidermis, predominantly ventral

midline

KH.C14.36

KH.C14.36

N/A

Fig. 4F

This Study EST 03h24
Ogasawara et al. (2002)

Our unpublished results

Notochord

Notochord and diffuse staining in the

trunk; stomach of juveniles

Notochord

KH.L18.49

NAALADL2

KH.L18.49

Basement membrane

Data not
shown

Notochord

KH.L13.2

KH.L13.2

Bicellular tight junction

Fig. 5C

This Study, EST 33g05 also in

Notochord

Notochord

KH.C5.124

CLDN16/17/19

KH.C5.124

Aniseed database, Brozovic et al.

(2016)
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evolutionarily conserved putative lysyl-oxidase, which in the vertebrate
notochord reinforces the ECM by cross-linking collagen and
elastin (Kugler et al., 2008) and KH.L13.2 is a putative component
of basement membranes; we tentatively classified as a basement
membrane/ECM component the predicted protein of KH.C7.753,
which contains thyroglobulin-like repeats and has weak sequence
homology with nidogen-like proteins. MP1 a serine-type endopepti-
dase, Beta4GalT is a mediator of carbohydrate metabolism and GSH1 a
putative glutamate-cysteine ligase (grouped as ‘enzymes’ in Fig. 4R).

3.5. Positioning Bhlh-tunl within the Ci-Bra-downstream notochord
gene regulatory network

We cross-referenced the list of 21 Bhlh-tun1 notochord target genes
with the available lists of Ci-Bra-downstream notochord genes
(Takahashi et al., 1999; Hotta et al., 2000, 2008; Kugler et al., 2008;
Reeves et al., 2017; our unpublished results) and with the genes
targeted by Tbx2/3, a transcription factor that is part of the Ci-Bra-
downstream notochord GRN (José-Edwards et al., 2013), and deter-
mined that 16/21 Bhlh-tunl targets (76.2%) were also under the
control of Ci-Bra, and that two of these 16 genes were controlled by
both Ci-Bra and Tbx2/3 (Table 3). Of note, expression of two of the
putative Bhlh-tunl target genes identified in this study, AGRDI,
(KH.C9.832) and MLKL (KH.C4.411), had been tested in Ci-Bra”/~
embryos and had been found to be undetectable by WMISH, while
strongly expressed in wild-type control embryos (Chiba et al., 2009). As
a next step, we sought to validate the results of the microarray screens,
using either WMISH or qRT-PCR on embryos carrying the FoxA.a >
Bhlh-tunl transgene. The FoxA.a > Bhlh-tunl construct (Fig. 3C,C")
efficiently mis-expressed Bhlh-tunl in CNS and endoderm, as shown
by WMISH (Fig. 5A,B). We assayed the expression of genes expressed
either predominantly or specifically in the notochord by WMISH, and
we found genes that are highly responsive to the mis-expression of
Bhlh-tunl. One of these genes, Claudin16/17/19 (Fig. 5C,D), encodes
for a Claudin that was originally annotated as Claudinl6-like and
subsequently as Claudin16/17/19 to equally relate its sequence to
members of Claudin families 16, 17 and 19 (Lal-Nag and Morin, 2009);
tBLASTN searches indicated sequence identities also with members of
the Claudin families 1 and 15. This gene is predominantly expressed in
the Ciona notochord at the tailbud stages, and a faint hybridization
signal can be observed also in mesenchyme and part of the sensory
vesicle (Fig. 5C and Aniseed database; Brozovic et al., 2016). In
embryos electroporated with the FoxA.a > Bhlh-tunl plasmid, ectopic
expression is detected in the CNS, particularly in part of the nerve cord,
and a stronger signal is observed in the notochord (Fig. 5D). In
accordance with the results of the microarray screens and WMISH
experiments, qRT-PCR on whole embryos indicates that this gene is
up-regulated as a consequence of Bhlh-tunl overexpression (Fig. 5E).
To further investigate the relationship between Claudin16/17/19 and
Bhlh-tunl, we scanned the genomic sequence located 5’ of this coding
region and identified a short sequence interval containing a cluster of
three E-boxes; when tested in vivo, a 300-bp genomic fragment
containing the three E-boxes was able to recapitulate the notochord
staining observed by WMISH (Fig. 5F). A few genes expressed
predominantly in the notochord but also expressed at low levels in
additional tissues, such as Loxl (Kugler et al., 2008), S22A1/4/5
(Fig. 4K), and KH.C1.973 (Fig. 4L), did not provide clear results in
WMISH and/or in qRT-PCR experiments, likely because of their
diffuse expression in the majority of embryonic tissues. We carried
out validation experiments using either WMISH or qRT-PCR or both
for other putative Bhlh-tunl-downstream notochord genes with more
localized expression patterns (Fig. 6), and verified the up-regulation of
additional notochord genes in FoxA.a > Bhlh-tunl transgenic embryos,
including SWP70 (Fig. 6A,B), AGRD1 (Fig. 6C,D), TBC3C/D
(KH.C2.208, Table 3; Fig. 6E, graph on the left), Lhx3/4/5
(KH.S215.4; Imai et al., 2004; Fig. 6E, graph on the right), and
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KH.L13.2 (Fig. 6F, graph on the left). We also determined that
expression of Beta4GalT is down-regulated by the over-expression of
Bhlh-tunl in late tailbuds (Fig. 6F, graph on the right), while no
significant effect was observed on the expression of this gene in early
tailbuds (data not shown). Also for other notochord genes, qRT-PCR
experiments indicated that the effect of Bhlh-tunl over-expression was
in most cases stage-dependent, and in some instances the effect seemed
to vary between the two stages at which the qRT-PCR experiments and
the microarray experiments were performed (data not shown). Using
WMISH, we verified that the overexpression of Bhlh-tunl can also
down-regulate expression of additional notochord genes such as
META6-like (Fig. 7A), which in FoxA.a > Bhlh-tunl transgenic
embryos is visibly down-regulated in notochord cells, while it remains
steadily expressed in mesenchyme and is only marginally affected in
CNS (Fig. 7B). We also tested the expression of epidermal genes
targeted by Bhlh-tunl (Table 2; summarized in Fig. 4Q). Microarray
results indicated that Achaete-scute a-like 2 (KH.L9.13) is down-
regulated in FoxA.a > Bhlh-tunl transgenic embryos, in agreement
with the results obtained upon overexpression of Bhlh-tunl in the
midline (Roure and Darras, 2016). Similarly, the results of the
microarray screens suggested that another epidermal gene newly
identified in this study, LARP6 (KH.C11.196) (Fig. 4N), is down-
regulated in response to the overexpression of Bhlh-tunl; this result
was confirmed by WMISH (Fig. 7C,D). A summary of the main results
of this study and a working model for the position and functions of
Bhlh-tunl within the Ci-Bra-downstream notochord GRN are
presented in Fig. 8.

Additional
upstream
notochord
regulators
Ci-Bra®

Classified in
fig. 4R as
Cell-shape
N/A

Enzyme

Rho GDP-dissociation inhibitor

activity
Galactosyltransferase activity

Gene Ontology

N/A

Fig. 41 and

data not

shown

Figure
Fig. 4F

4. Discussion

bHLH transcription factors participate in an array of developmental
and morphogenetic processes in both animals and plants, and have
been reported to regulate the expression of genes responsible for the
assembly and stability of the cytoskeleton, in particular through the
regulation of small GTPases (Ge et al., 2006). The compact and rarely
redundant genome of the simple chordate Ciona robusta contains
several readily recognizable transcription factor genes, which are often
evolutionarily conserved orthologs of transcriptional regulators found
in vertebrates (Dehal et al., 2002). Bhlh-tunl does not display clear
relationships with vertebrate bHLH proteins; rather, the fact that it
possesses orthologs in other solitary ascidians, such as Ciona savignyi,
Phallusia mammillata and Phallusia fumigata, and in the colonial
ascidian Botryllus schlosseri (Aniseed database; Priinster et al., 2018),
indicates that it is a tunicate-specific transcription factor. Previous
studies had focused on its roles in midline formation (Roure and
Darras, 2016) and in the development of the musculature of oral and
atrial siphons after metamorphosis (Razy-Krajka et al., 2014; Tolkin
and Christiaen, 2016). In this study, we investigated the role of this
transcription factor in the developing Ciona notochord, its transcrip-
tional regulation, binding properties, and target genes. Our results
position Bhlh-tunl downstream of Ci-Bra, FoxA.a, and an early
homodomain-containing activator, and suggest that Bhlh-tunl, in turn,
can modulate the expression of Ci-Bra-downstream genes involved in
the acquisition of cell-shape, in the maintenance of the characteristic
rod-like shape of the notochord, and in the early stages of tubulogen-
esis.

This Study, EST 43m04
This Study EST 03h24
Ogasawara et al. (2002)

Reference

Semi-ubiquitous, stronger in
notochord and transiently
expressed in notochord precursors
Notochord and diffuse staining in
the trunk; stomach of juveniles
Notochord

Expression

Latest Gene
Name
GDIR1
KH.L18.49
B4GT1;
B4GT2;
B4GT3

4.1. Control of Bhlh-tunl transcription in the notochord

Alternative/former
Gene Name(s)

NAALADL2
Beta-4-galT

Based upon its robust notochord expression and the timing of its
onset of expression, we hypothesized that Bhlh-tunl transcription
might be directly controlled by Ci-Bra. Indeed, we found that Bhlh-
tunl is ectopically expressed in embryos misexpressing Ci-Bra and is
specifically down-regulated in the notochord of embryos lacking Ci-Bra
function, and we isolated a 1.7-kb notochord CRM from the Bhlh-tunl
genomic locus that responds to Ci-Bra misexpression in the same way

Kubo et al., 2010.
Jose'-Edwards et al., 2013
“* Our unpublished results.

§ Hotta et al., 2000.

KH gene
model

KH.L106.8
KH.L18.49
KH.C11.44

Table 3 (continued)
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Fig. 5. Up-regulation of Claudin16/17/19 in embryos over-expressing Bhlh-tun1. (A-D) WMISH of control (A,C) and transgenic (B,D) Ciona embryos, performed using the digoxigenin-
labeled antisense RNA probes synthesized using as templates the EST clones reported in the bottom right corner of panels A and C. The current gene name is indicated on the left side of
each row. Gene models are indicated in the left bottom corner of panels A and C. Arrowheads are color-coded as in Fig. 1; yellow arrowheads indicate endodermal cells. (E) Graph
showing the results of qRT-PCR experiments aimed at validating the over-expression detected by WMISH, performed at the same stage (stage 19/early tailbud stage 1; see Methods).
Details of the experimental results are listed in Table S1, oligonucleotide sequences can be found in Table S2. p, p-value; ctrl, control (wild-type) embryos. (F) Late-tailbud II embryo
electroporated at the 1-cell stage with a 300-bp fragment identified in the 5’-flanking region of Claudin16/17/19, containing a cluster of three E-boxes. The embryo was stained using X-
Gal for about 4 h at 37 °C. Scale bars indicate approximately 100 um in A and 50 ym in F.

as Bhlh-tunl. A thorough truncation/mutation analysis of the 1.7-kb
CRM identified a 144-bp region that directed reproducible notochord
staining in vivo and contained a cluster of three putative Ci-Bra
binding sites and two binding sites for Fox proteins. Differently from
our previous findings for other notochord CRMs (Passamaneck et al.,
2009; Katikala et al., 2013; José-Edwards et al., 2015), the simulta-
neous mutation of these sites reduced notochord staining, but was
not sufficient to abolish it. Furthermore, even though Bhlh-tunl is
present in both Ciona robusta and Ciona savignyi (Aniseed database
https://www.aniseed.cnrs.fr; Brozovic et al., 2016), the notochord CRM
that we have identified is poorly conserved, and the interspecific sequence
alignments display only limited and scattered sequence identity (data not
shown), which did not assist in our search for the minimal sequences
required for notochord activity of this non-conserved CRM. For this
reason, we further truncated the 144-bp CRM and identified the 58-bp
region that still elicited reproducible notochord staining, and a 49-bp
region that had no activity in the notochord. Serial mutations of the 9 bp
that differed between these regions indicated that an ATTA minimal

homeodomain binding site was responsible for the notochord activity of
the 58-bp region. We had previously reported that an ATTA core sequence
is required also for the function of the notochord CRM of Ci-ACL
(Katikala et al., 2013); we have also described the requirement of
adjacent homeodomain and Fox binding sites for the function of another
notochord CRM, Ci-CRM112 (José-Edwards et al., 2015). An early-onset
homeodomain activator, which is presumably expressed before early
gastrulation, could be working cooperatively with FoxA.a, an early-onset
pioneer chromatin-opening factor, and thus render the CRM accessible
to binding by Ci-Bra. We searched the published expression patterns
for homeodomain proteins expressed in the notochord during the stages
preceding the reported appearance of Bhlh-tunl transcripts, and
found two possible candidate homeodomain activators, Mnx and
Lhx3/4/5 (KH.L128.12 and KH.S215.4, respectively; Imai et al., 2004).

In addition to the notochord CRM, within the Bhlh-tunl locus we
have also identified a 995-bp epidermal CRM, which might be
employed to further clarifying the regulation of Bhlh-tunl expression
in epidermal lineages.
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Fig. 6. Validation of additional Bhlh-tunl early and late target genes expressed in the developing notochord. (A-D) WMISH of control (A,C) and transgenic (B,D) Ciona embryos,
performed using the digoxigenin-labeled antisense RNA probes synthesized using as templates the EST clones reported in the bottom right corner of panels A and C. The current gene
name is indicated on the left side of each row. Gene models are indicated in the left bottom corner of panels A and C. Arrowheads are color-coded as in Fig. 1; yellow arrowheads indicate
endodermal cells. The light pink arrowhead in C indicates weak notochord staining (see also Fig. 4D). (E,F) Graphs showing the results of qRT-PCR experiments aimed at validating the
over-expression detected by WMISH, performed at the same stage as panels A-D (stage 19/early tailbud stage I; panel E), or at the stage 23/late tailbud I (F). p, p-value; ctrl, control
(wild-type) embryos. Details of the experimental results are listed in Table S1, oligonucleotide sequences can be found in Table S2.

4.2. Bhlh-tunl as an intermediary of Ci-Bra in notochord
development

Information on the identity and specific roles of transcriptional
intermediaries of Brachyury in notochord development is still
fragmentary in most chordates. The dependence of Bhlh-tunl expres-
sion upon Ci-Bra suggested that in Ciona Bhlh-tunl might function as
one of its intermediaries in the activation of middle- or late-onset
notochord genes. In support of this hypothesis, most of the Bhlh-tun1-
downstream genes were previously reported to be downstream of
Ci-Bra (Takahashi et al., 1999; Hotta et al., 2000; Kugler et al., 2008;
Kubo et al., 2010), and two of these genes are also targets of Thx2/3,
another transcriptional intermediary of Ci-Bra (José-Edwards et al.,
2013). The notochord phenotype observed in transgenic embryos
overexpressing Bhlh-tunl suggests its involvement in cell-shape
changes and in intercalation movements, and preliminary shRNA-
mediated knock-down experiments tentatively confirmed these find-
ings (data not shown). We attempted to generate loss-of-function
phenotypes using both morpholino oligonucleotide-mediated knock-

132

downs and CRISPR/Cas9-mediated genomic editing, but we did not
obtain specific results. The results of this study suggest that Bhlh-tunl
increases transcription of SWP70/SWAP70, an evolutionarily con-
served guanine-exchange factor that stimulates actin polymerization
and cytoskeletal rearrangements (Shinohara et al., 2002). Other
notochord genes up-regulated by the overexpression of Bhlh-tunl
include AGRDI1 (adhesion G-protein coupled receptor D1), which
encodes a 7-pass G-protein coupled transmembrane receptor that in
other systems mediates the interactions between cells and ECM
(Bohnekamp and Schoneberg, 2011), TBC3C/D, one of the GTPase
activators identified in this study, and KH.L13.2. This latter gene
encodes a predicted component of the basement membrane and is
associated with a notochord CRM that has been identified and fully
characterized in our laboratory, Ci-CRM9. This CRM is dependent upon
a single Ci-Bra binding site, yet it contains three E-boxes within its
neighboring sequence, which might be used by Bhlh-tunl to finely
modulate the levels of its expression in the notochord (José-Edwards
et al., 2015). This configuration is also reminiscent of the arrangement
that we found in the Claudin16/17/19 notochord CRM, whereby a
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Fig. 7. Genes down-regulated by the over-expression of Bhlh-tunl. (A-D) WMISH of
control (A,C) and transgenic (B,D) Ciona embryos, performed using the digoxigenin-
labeled antisense RNA probes synthesized using as templates the EST clones reported in
the bottom right corner of panels A and C. The current gene name is indicated on the left
side of each row. Gene models are indicated in the left bottom corner of panels A and C.
Arrowheads are color-coded as in Fig. 1.

cluster of three E-boxes is part of a 300-bp CRM with strong notochord
activity. Claudin16/17/19 attracted our attention because it is a member
of a family of 12 predicted Ciona claudins (Dehal et al., 2002). Claudins
are major components of tight junctions, and in turn, tight junctions are
required for tubulogenesis of the Ciona notochord, i.e., for its transfor-
mation from an epithelial sheet of 40 cells into a hollow tube that will be
used by the larva as a hydrostatic skeleton for its swimming movements
(Denker et al., 2013). In particular, tight junctions replace adherens
junctions at the apical-lateral interface between notochord cells, an event
that is necessary for the formation of extracellular pockets, which will
eventually coalesce and form a continuous cavity in the center of the
notochord (Dong et al., 2009; Denker et al., 2013). We noticed that

Developmental Biology 448 (2019) 119-135

Claudinl6/17/19 transcripts become detectable in the nuclei of noto-
chord cells around the early tailbud II stage, and that the notochord
CRM that we have identified becomes active in the notochord only about
one or two cell divisions before this stage (data not shown). These
observations are in agreement with the timing of the appearance of tight
junctions in the notochord. The presence of clustered E-box sequences
within this region guided us in the identification of this regulatory
module, and suggests that Bhlh-tunl might contribute to the activity of
this CRM and influence expression of this claudin through it. The
predicted roles of these Ci-Bra/Bhlh-tunl-downstream notochord genes
are consistent with the function in cell-shape changes that could be
predicted for Bhlh-tunl on the basis of the notochord phenotype
induced by its overexpression. The up-regulation of Lhx3/4/5 is of
interest, because it is, together with Mnx, an homeodomain-containing
transcription factor and a candidate activator of Bhlh-tunl, as suggested
by the analysis of the Bhlh-tunl notochord CRM. However, Lhx3/4/5 is
only expressed for a short amount of time in notochord precursors, and
rapidly switches to endoderm and muscle precursors (Imai et al., 2004).
Even though overexpression of Bhlh-tunl is able to cause ectopic
expression of Lhx3/4/5, the expression pattern of this gene in wild-type
embryos suggests that this positive feedback of Bhlh-tunl on Lhx3/4/5
might be prevented during normal development by additional regulatory
mechanisms.

Another relevant notochord target gene shared by Ci-Bra and Bhlh-
tunl is Beta4GalT, which is activated indirectly by Ci-Bra through a
Myb-like transcriptional intermediary (Katikala et al., 2013); the
present study suggests that in late stages of notochord development
Bhlh-tunl down-regulates Beta4GalT, thus counteracting Ci-Bra.
Overexpression of Bhlh-tunl in the notochord also induces
down-regulation of METAG6-like, a gene that is activated by Tbx2/3
(José-Edwards et al., 2013), appears to be specific to the genus Ciona
and encodes for a protein that does not contain recognizable conserved
domains, whose function in notochord formation is unknown. The
regulatory dynamic is different in the case of another Ci-Bra-down-
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Fig. 8. Position of Bhlh-tun1 and a few of its notochord target genes within the Ci-Bra-downstream gene regulatory network. Left side: main stages of Ciona development that precede
lumen formation (tubulogenesis) are shown for reference. Right side: a few of the main developmental milestones that punctuate notochord morphogenesis are listed. Hpf: hours post-
fertilization. Central panel: a simplified view of the branch of the Ciona notochord GRN controlled by Bhlh-tun1. Additional transcription factors that compose the Ciona notochord GRN
can be found elsewhere (Imai et al., 2006; Kugler et al., 2008; José-Edwards et al., 2011). Names of transcription factors are colored in blue (Bhlh-tun1 in violet), structural genes or
enzymes in black. A Myb-like transcription factor that activates expression of Beta4GalT (B4GalT) is colored in grey (Katikala et al., 2013 and our unpublished results). Arrows symbolize
(direct/indirect) activation of gene expression. Dashed lines with flat ends indicate (direct/indirect) down-regulation of gene expression, the extent of which remains to be determined.
HD, homeodomain transcription factor that contributes to activate expression of Bhlh-tunl, presumed on the basis of the notochord CRM analysis (Fig. 2).
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stream notochord gene, MLKL, which has been shown to form cation
channels and induce membrane depolarization (Xia et al., 2016); in
addition to being reportedly under the control of Ci-Bra, this gene
seems to be up-regulated by both Bhlh-tunl and Tbx2/3
(José-Edwards et al., 2013). Together, these results indicate that
Bhlh-tunl acts downstream of Ci-Bra in the notochord GRN to
modulate gene expression either positively or negatively, possibly in
a stage-specific fashion. It remains to be ascertained in each specific
case whether these regulatory interactions are achieved directly or
indirectly.

4.3. Multiple functions of Bhlh-tunl in different tissues and
developmental stages

Considering that Bhlh-tunl is a very short bHLH protein, consist-
ing almost exclusively of a DNA-binding domain and lacking an evident
transactivation domain, it is conceivable that it might heterodimerize
with different tissue-specific partners in order to function in distinct
structures and that, even within a specific cell-type, Bhlh-tunl might
interact with stage-specific partners and modify its behavior accord-
ingly. One such partner could be another bHLH transcription factor
expressed in the developing Ciona notochord, such as Ci-ARNT, which
is also activated by Ci-Bra (Hotta et al., 2008). ARNT bHLH factors
have been shown to heterodimerize and induce transcriptional repres-
sion in different model systems (e.g. Sakurai et al., 2017). Moreover,
Bhlh-tunl might be able to activate yet uncharacterized stage-specific
repressors or activators and exert its function indirectly.

In addition to shedding light on a group of Ciona notochord genes,
most of which were previously uncharacterized, this study has detected
a number of epidermal genes, such as LARP6, that are responsive to
the overexpression of Bhlh-tun1 driven by the FoxA.a promoter region.
Expression of these epidermal genes might have been induced by the
ectopic expression of Bhlh-tunl in epidermis, caused by the leaky
activity of the 3-kb FoxA.a promoter region in this tissue. Previous
studies have shown that the overexpression of Bhlh-tunl causes a
down-regulation of the expression of Achaete-scute a-like 2 (KH.L9.13)
(Roure and Darras, 2016). The results of our microarray screen are in
agreement with this regulatory scenario, as Achaete-scute a-like 2
expression is reduced in embryos overexpressing Bhlh-tun1 (data not
shown). Similarly, we demonstrated the down-regulation of LARP6
caused by the overexpression of Bhlh-tunl. These results suggest that
in epidermal lineages Bhlh-tunl might prevalently act, either directly
or indirectly, as a negative modulator of gene expression.

In conclusion, Bhlh-tun1 is a tunicate-specific transcription factor
that before metamorphosis participates in the GRNs responsible for
cell-fate acquisition in the neurogenic ectoderm midline (Roure and
Darras, 2016) and after metamorphosis is a Notch-downstream marker
of muscle stem cells involved in the development of the siphon
musculature (Razy-Krajka et al., 2014; Tolkin and Christiaen, 2016).
Here we have shown a role for this transcriptional regulator in the axial
mesoderm, where it controls cell-shape changes, intercalation, proper
extension of the notochord, and possibly the initial phases of the
formation of its lumen. It seems likely that this transcriptional
regulator has been incorporated into the Brachyury-downstream
GRN after the branching of tunicates from the main chordate lineage,
and thus represents a divergent mechanism of control of notochord
gene expression.
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