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SUMMARY
In solitary ascidians the fate of endoderm is determined at
a very early stage of development and depends on
cytoplasmic factors whose nature has not been determined.
We have isolated a member of the NK-2 gene family, Cititf1,
from the ascidian Ciona intestinalis, showing high sequence
homology to mammalian TITF1. The Cititf1 gene was
expressed in all endodermal precursors at the pregastrula
and gastrula stages, and is thus the first specific regulatory
endodermal marker to be isolated from an ascidian. Cititf1
expression was downregulated at the end of gastrulation to
reappear at middle tailbud and larval stages in the most
anterior and ventral parts of head endoderm, regions
which give rise, after metamorphosis, to the adult

INTRODUCTION
A very important aspect of development in chordates is the
commitment of a distinct cell population to form the three germ
layers. While considerable information has accumulated about
factors involved in mesoderm and neuroectoderm formation
(Smith, 1989; Kimelman et al., 1992; Kessler and Melton,
1994; Slack, 1994; Lemaire and Kodjabakian, 1996; Heasman,
1997), little is known about the mechanism responsible for
endoderm differentiation. In solitary ascidians the
developmental fate of endoderm is determined at a very early
stage of embryogenesis (Conklin, 1905; Nishida and Satoh,
1983, 1985; Nishida, 1987). Transplantation of cytoplasmic
fragments demonstrated the presence of cytoplasmic factors
that are responsible for determination of endodermal cell fate
(Nishida, 1993). However, the molecular identity of the
maternal factors and their mechanism of action remains to be
elucidated.
Essentially all of the endodermal cells in an ascidian larva
are derived from the two pairs of vegetal blastomeres of the
eight-cell embryo. After three cell divisions, at the 64-cell
stage, the endodermal fate is restricted to five blastomere pairs
that give rise to approximately 500 endoderm cells of the larva,
located in both the trunk and the tail (endodermal strand)

endostyle, where Cititf1 mRNA was still present.
Microinjection of Cititf1 mRNA into fertilized eggs resulted
in tadpole larvae with abnormalities in head-trunk
development consequent to the formation of excess
endoderm, perhaps due to recruitment of notochord
precursors to an endodermal fate. These data suggest that
Cititf1 plays an important role in normal endoderm
differentiation during ascidian embryogenesis.
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(Nishida, 1987). After metamorphosis, the cephalic endoderm
of ascidian larvae forms a specialized organ, the endostyle,
present in the ventral wall of the adult pharynx. The ascidian
endostyle has been proposed to be the precursor of the thyroid
gland of the vertebrates (Dohrn, 1886). Indeed, specific
endostyle cells have been shown to concentrate radioiodine
from sea water (Barrington, 1957), and to produce
monoiodiotyrosine, diiodiotyrosine and tyroxine (Roche et al.,
1959; Kennedy, 1966; Dunn, 1974).
To obtain insights into the molecular mechanisms
responsible for the formation of endodermal cell types and to
further investigate the presence of a thyroid-like structure in
protochordates, we searched for NK-2-like homeoboxcontaining genes in the ascidian Ciona intestinalis. The NK-2
type genes encode a subclass of homeodomain-containing
proteins, which have been identified in many distantly related
species ranging from Drosophila to man. Four NK-type genes
have been isolated from Drosophila (Kim and Nirenberg,
1989) and the encoded proteins were classified by Burglin into
two new homeodomain protein classes, NK-1 and NK-2
(Burglin, 1994). Several genes encoding an NK-2-like
homeodomain have been isolated from vertebrates, planaria
and leech. TTF-1 was the first vertebrate transcription factor
containing an NK-2-like homedomain to be cloned. TTF-1,
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whose genetic locus has been entitled TITF1 (human) and titf1
(mouse), is involved in thyroid-specific gene expression.
Expression studies have demonstrated that titf1 mRNA, in rat
and mice, is restricted to the thyroid, lung and some areas of
the foetal forebrain (Lazzaro et al., 1991). Mice homozygous
for the disrupted titf1 gene lack the thyroid and lung
parenchyma (Kimura et al., 1996), demonstrating that TTF-1
is required not only for the regulation of tissue-specific gene
expression but it is also involved in the organogenesis of
thyroid, lung and some areas of the forebrain.
In this study we report the isolation of a cDNA, coding for
an NK-2-like protein with high sequence homology to
mammalian TTF-1, from Ciona intestinalis. By analogy with
the mammalian counterpart, we have named the protein
CiTTF-1 and the genetic locus Cititf1. The mRNA encoding
CiTTF-1 was expressed in a complex pattern during embryonic
development. It was first found in all the endodermal
precursors at the pregastrula and gastrula stages, and thus
represents the first early marker for the endodermal lineage in
ascidians. At the end of gastrulation the Cititf1 mRNA became
undetectable but reappeared later, at middle tailbud and at
swimming larva stages, in the most anterior and ventral parts
of head endoderm. After metamorphosis, these parts of the
larval endoderm give rise to the adult endostyle, where CiTTF1 mRNA is still present. This later expression could be the
counterpart of TTF-1 expression during thyroid development
in mammals. A reporter construct containing the Cititf1
regulatory region fused to the β-galactosidase gene showed an
expression pattern that was virtually identical to the
endogenous gene, demonstrating that CiTTF-1 expression is
regulated at the transcriptional level. Moreover, we have
demonstrated an important role for CiTTF-1 in endoderm
differentiation, since microinjection of synthetic mRNA into
fertilized eggs resulted in the development of tadpole larvae
with abnormalities in trunk-tail development consequent to the
formation of excess endoderm.
MATERIALS AND METHODS
Animals and embryos
Adult Ciona intestinalis were collected in the Bay of Naples by the
fishing service of the Stazione Zoologica. Naturally spawned eggs
were fertilized in vitro with a suspension of sperm, and fertilized eggs
were raised in filtered sea water at 18-20°C. Tadpole larvae hatched
about 18-20 hours after fertilization. Samples at appropriate stages
were collected by low speed centrifugation and were fixed for wholemount in situ hybridization or were frozen for RNA extraction.
Preparation of poly(A)+ RNA
Total RNA from embryos at various stages was prepared essentially
according to the method of Chomczynski and Sacchi (1987). Poly(A)+
was purified by oligo(dT)-cellulose chromatography (Sambrook et al.,
1989).
Isolation and sequencing of cDNA clone
cDNA was synthesized from poly(A)+ RNA extracted from Ciona
larvae using the ZAP cDNA synthesis kit (Stratagene) and cloned in
the UNI-ZAP XR-VECTOR System (Stratagene). The ligated
material were packaged in vitro using the packaging System
(Stratagene).
The probe used to screen the library was CiHB1, a 384-fold

degenerate
oligonucleotide
(5′-AARATYTGGTTYCARAAYMGVMG, where M=A or C; R=A or G; V=A or C or G; Y=C or
T) (Di Gregorio et al., 1995) coding for the most conserved amino
acid sequence of the helix III of Antennapedia-type homeodomain.
Hybridization of phage lifts were carried out as previously described
(Di Gregorio et al., 1995). The cDNA inserts from positive clones
were rescued as Bluescript plasmids (SK+) by helper phages mediated
in vivo excision, as described by the manufacturer (Stratagene). The
directionated inserts (5′EcoRI-3′XhoI) were sequenced on both
strands by the dideoxynucleotide procedure (Sanger and Coulson,
1975).
Deduced homeodomain sequences were compared with translation
in reading frames of the collection sequences contained in the
GenBank and EMBL databases by using the TFasta program from the
GCG package (Pearson and Lipman, 1988).
Northern blotting
Poly(A)+ RNAs (8 µg per lane) were separated by electrophoresis on
a 1% agarose gel containing 2.2 M formaldehyde and blotted on nylon
filters (Hybond N, Amersham, UK) using 10× SSC (1.5 M NaCl, 0.15
M sodium citrate, pH 7.6) as transferring buffer. Blots were hybridized
to Cititf1 probe at 65°C for 16 hours in a buffer containing 6× SSC,
5× Denhardt’s solution, 0.1% SDS (sodium dodecyl sulfate), 100
µg/ml denatured and sonicated salmon sperm, washed with 2× SSC,
0.1% SDS once (15 minutes) at room temperature and at 65°C three
times for 15 minutes each. Blots were exposed to X-ray film (Kodak
AR) for 5 hours. Labeling of Cititf1 probes was performed with [α32P]dATP (3000 Ci/mmol; 10 µCi/ml, Amersham, UK) using a
random priming labeling reaction to a final specific activity of 2×109
cpm/µg.
In situ hybridization
Full-length cDNA was used as template for in vitro transcription by
using Boehringer Mannheim DIG RNA labeling Kit, according to the
supplier’s instructions, and stored in H2O at −80°C.
Larvae, embryos and adult juveniles were fixed with 4%
paraformaldehyde in 0.5 M NaCl, 0.1 M Mops (3-N-morpholino
propansulfonic acid), pH 7.5, at room temperature for 90 minutes,
dehydrated in 30%, 50% and 70% ethanol (10 minutes each) and
stored in 70% ethanol at −20°C. For adults the tunic was stripped off
with tungsten needles prior to fixation. After dehydration, juveniles
were embedded in paraffin. After a thorough wash with phosphatebuffered saline (PBS), embryos were manually deprived of the
envelopes. The specimens were treated with 2 µg/ml proteinase K in
PBST (PBS containing 0.1% Tween 20) (30 minutes, 37°C) and then
post-fixed with 4% paraformaldehyde in PBS for 1 hour. After 1 hour
in prehybridization buffer (50% formamide, 5× SSC, 50 µg/ml
heparin, 50 µg/ml yeast tRNA, 5× Denhardt’s solution, 0.1% Tween
20) at 48°C, embryos were allowed to hybridize with 0.25 µg/ml
digoxygenin (DIG)-labeled antisense or sense transcripts.
Hybridization was carried out at 48°C for 16 hours. The specimens
were washed in 50% formamide, 4× SSC, 0.1% Tween 20 (2× 15
minutes, 50°C), then in 50% formamide, 2× SSC, 0.1% Tween 20 (2×
15 minutes, 50°C) and in solution A (0.5 M NaCl, 10 mM Tris-HCl,
pH 8.0, 5 mM EDTA, 0.1% Tween 20) (3× 10 minutes, 37°C), then
treated with 20 µg/ml RNase A in solution A (30 minutes, 37°C) and
washed with 50% formamide, 2× SSC, 0.1% Tween 20 (20 minutes,
50°C), 50% formamide, 1× SSC, 0.1% Tween 20 (2×15 minutes,
50°C), 1× SSC/PBST 1:1 (15 minutes), PBST (4×5 minutes). RNA
hybrids were detected immunohistochemically. After blocking in 5%
Normal Sheep Serum (NSS) in PBST (30 minutes), the specimens
were incubated with 1:2000 alkaline phosphatase-conjugated antiDIG antibody (Boehringer Mannheim) in the above buffer (overnight,
4°C). The specimens were washed with PBST four times (20 minutes
each) and alkaline phosphatase buffer (APB) (100 mM NaCl, 50 mM
MgCl2, 100 mM Tris-HCl, pH 9.0) (3×10 minutes). Signal detection
was performed in APB containing 4.5 µl/ml NBT (nitroblue
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tetrazolium salt) and 3.5 µl/ml BCIP (5-bromo-4-chloro-3-indolyl
phosphate) according to the supplier’s instructions (Boehringer
Mannheim DIG RNA Detection Kit). When satisfactory signals over
the background were obtained, the solution was replaced with PBST.
Cell culture and transfection
HeLa cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum. Cells were plated at 3×105
cells/60 mm tissue culture dish 4-6 hours prior to transfection.
Transfections were carried out by the calcium phosphate
coprecipitation technique (Graham and van der Eb, 1973). After
exposure to calcium phosphate-DNA precipitate for 16 hours, the cells
were washed with PBS and grown for 48 hours. Luciferase activity
of cell extract was determined as previously described (de Wet et al.,
1987). CAT activity was determined using the Boehringer Elisa kit.

Cititf1 construct and electroporation
Fusion genes were prepared with a
genomic DNA fragment containing 3.5 kb
upstream from the Cititf1 cDNA start site.
This fragment was fused to β-galactosidase
into pBluescript vector. The construct was
electroporated into fertilized eggs
according to the protocol of Corbo et al.
(1997).

Injection pipets were prepared by pulling capillary tubes
(Microcaps of Drummond Sci. Co., Broomall, PA, USA) using a
microelectrode puller (Model PN-3, Narishige, Tokyo). Capillary
tubes, before pulling, were siliconyzed and sterilized by baking at
180°C for 2 hours. Micropipets were filled with a 400-800 µg/ml
solution of poly(A)+ RNA in DEPC-treated water containing 0.5%
rhodamine B isothiocyanate dextran 70S (Sigma) as a marker dye, and
forced into fertilized eggs by manual pressure. The volume injected
was estimated to be about 5% of the volume of eggs by the amount
of the coinjected marker dye.
Cleavage arrest and alkaline phosphatase staining
To arrest the cleavage, embryos were incubated in MFSW containing
2 µg/ml cytochalasin B (Sigma). Differentiation of endoderm cells
was monitored by histochemical staining for alkaline phosphatase
(AP) (Hinman and Degnan, 1998). In brief, embryos and larvae were
fixed at room temperature for 20 minutes in 4% (w/v) formaldehyde

Preparation of synthetic capped
mRNAs
Cititf1 cDNA was excised from
pBluescript vector by BamHI/AflII
digestion and subcloned into a BglII/EcoRI
digested pBluescript RN3 vector (Lemaire
et al., 1995) after partial filling-in. Control
Cititf1 cDNA, named MCititf1, was made
by digesting Cititf1 in pBluescript RN3
vector with NcoI/BstXI, to excise the
whole
homeodomain-coding
region,
followed by filling-in protruding ends and
religating the cDNA. As another control, a
plasmid encoding green fluorescent protein
(GFP) (Green LanternTM Gibco BRL),
named GL, was also constructed in the
pBluescript RN3 vector. The recombinant
plasmids were linearized with SfiI and
transcribed using MEGAscriptTM T3 kit
(Ambion)
in
the
presence
of
m7G(5′)ppp(5′)G cap analog.
Microinjection of poly(A)+ RNA
Poly(A)+ RNA was injected according to
the
method
described
previously
(Marikawa et al., 1995) using a
micromanipulator (model MMO-220
Narishige Sci. Instr. Lab., Tokyo). Ciona
eggs are enclosed by the vitelline coat or
chorion, which is tough and sticky and
must be removed before injection.
Dechorionation was carried out by treating
the eggs with a solution 1% sodium
thioglycolate (Serva), 0.05% protease E
(Sigma), in sea water, pH 10, for 5-10
minutes with pipetting. After this treatment
eggs were transferred onto plastic dishes
coated with 0.9% agarose in milliporefiltered sea water (MFSW) containing 50
µg/ml streptomycin sulfate (Calbiochem)
and fertilized.

Fig. 1. (A) Comparison of the CiTTF-1 homeodomain deduced sequence with homeodomains of
NK-2-like genes. The 60-amino-acid homeodomain is indicated along with the gene names and
species of origin on the left side. The percentage of homology is on the right side. The dashes
indicate identical amino acids. The tyrosine at position 54, a specific feature of NK-2
homeodomain proteins, is indicated with an arrow. Sequences of individual genes were obtained
from Harvey (1996 and references therein). (B) Comparison of the CiTTF-1 TN-Domain and
surrounding deduced sequences with TN-Domains of different NK-2 like genes, starting from the
predicted N-terminal methionine. The TN-Domain is underlined. Dashes indicate identical amino
acids. Dots indicate gaps in the sequence. Double slashes indicate a gap of more than 10 amino
acids. Note the high homology of CiTTF-1 with TTF-1 outside the TN-domain deduced
sequence.
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Fig. 2. CiTTF-1 transcription activity on thyroid-specific promoters
in HeLa cells. 1 µg of Cititf1 expression vector (SV-40-CiTTF1) was
introduced into HeLa cells together with 5 µg of reporter constructs
for either Tg, TPO or C-core (De Felice et al., 1995). The expression
vector for murine CMV-Titf1 was used as control. After 48 hours,
cells were lysed and assayed for CAT and luciferase activity. Fold of
activation is the ratio between values obtained with and without
Cititf1 expression vector. The values represent the averages of three
independent experiments ± s.d.

in 100 mM Hepes, pH 6.9, 2 mM MgSO4, 1 mM EGTA, then
dehydrated in 100% ethanol and stepped into 100 mM Tris, pH 9.5,
100 mM NaCl, 50 mM MgCl2 (APB). Colorimetric detection for AP
was initiated in APB containing 4.5 µl/ml NBT (nitroblue tetrazolium
salt) and 3.5 µl/ml BCIP (5-bromo-4-chloro-3-indolyl phosphate) and
the colour was allowed to develop for approximately 5-10 minutes.

RESULTS
Isolation and sequencing of a tunicate NK-2 related
gene
We have previously described a screen for homeoboxcontaining genes in the ascidian Ciona using, as a probe, a
degenerate oligonucleotide (CiHB1) coding for the most
conserved region of the Hox class homeodomains (Di Gregorio
et al., 1995). A cDNA library prepared from Ciona larvae
mRNA was screened and, among several clones isolated, most

Fig. 4. Spatial expression of Cititf1, as revealed
by whole-mount in situ hybridization with a
digoxigenin-labeled antisense probe. (A) A 76cell stage embryo viewed from the vegetal pole.
Hybridization signals are seen in the
endodermal precursor blastomeres A7.1, A7.2,
A7.5, B7.1 and B7.2, as shown schematically in
B. Expression persists during gastrulation (C), is
downregulated from neurula to early tailbud
stage (data not shown) and reappears at middle
tailbud (D) and swimming larval (E) stages in
the gut primordium (shown schematically in F).
En, endoderm; Es, endodermal strand; G, gut
primordium. Bars, 50 µm.

Fig. 3. Temporal expression of Cititf1 mRNA during Ciona
development. A northern blot containing poly(A)+ RNA from (1)
eggs, (2) 16-cell embryos, (3) pregastrulae, (4) gastrulae, (5)
neurulae, (6) early tailbud, (7) middle tailbud, (8) late tailbud
embryos and (9) larvae. Top, Cititf1 probe. The single trancript of 2.3
kb is indicated by the arrow. Bottom, the blot was stripped and
reprobed for calmodulin mRNA, to control for RNA loading (Di
Gregorio et al., 1998).

of which contained a homeobox, we identified a cDNA insert
containing an NK-2 type homeobox. The complete nucleotide
sequence of this cDNA (not shown, EMBL accession number
AJ009607) demonstrated an insert length of 2301 bp,
containing a 1431 bp open reading frame that starts with an
ATG in position 72 and ends with a stop codon in position 1503
followed by 783 bp of untranslated trailer comprising a
canonical polyadenylation signal (Bardwell et al., 1991) 12
nucleotides upstream from an (A)11 stretch. The reading frame
encoded a protein of 477 amino acids, containing a
homeodomain that shared substantial homology with those of
the NK-2 class. The highest similarity (92% identity) was with
the homeodomain of mammalian TTF-1 (Guazzi et al., 1990),
and decreased for other homeodomains of the NK-2 class, as
shown in Fig. 1A. The homeodomain of the Ciona protein
contained several residues that are unusual in other class of
homeobox-containing genes, such as Leu-7, Arg-19, Ala-28,
His-33 and Tyr-54. In particular Tyr-54, which has not been
found in other homeodomains, is currently the most
unambiguous feature of the NK-2 class. Moreover, the Ciona
homeodomain showed a His in position 51 that is also present
in mammalian TTF-1 and other homeodomains closely related
to TTF-1. Furthermore, among the several genes belonging to
the NK-2 class, CiTTF-1 showed a long stretch of homology
only with mammalian TTF-1 near the amino terminus (93% of
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homology on 23 amino acids). This domain comprises the socalled TN-Domain identified in some genes of the NK-2 class
(Harvey, 1996) (Fig. 1B). A shorter stretch of homology
(amino acids 178-192), with mammalian TTF-1 only, was
localized upstream from the homeodomain (83% of homology
on 15 amino acids).
Given the high similarity, both within and outside the
homeodomain, we suggest that the clone that we isolated is the
ascidian orthologue of mammalian TITF1. Thus, by analogy
with the mammalian nomenclature, we have called the ascidian
gene Cititf1 and the corresponding protein product CiTTF-1.

Fig. 5. Expression of Cititf1/lacZ fusion gene in electroporated
embryos. The 3.5 kb Cititf1 promoter region was fused to lacZ
coding sequence (A) and the construct was introduced into fertilized
eggs via electroporation. The electroporated embryos were allowed
to develop at 18°C, collected at early neurula stage (B) and at larval
stage (C) and subsequently stained with X-gal to visualize the sites
of expression. (B) Vegetal view of an early neurula: most of the
staining is detected in the endodermal precursor derived from one
side of the embryo. (C) Lateral view of a larva: the staining is
detected in the anterior/ventral endoderm of the trunk. Bars, 50 µm.

The protein encoded by Cititf1 is a transcription
factor with the same transcriptional specificity as
mammalian TTF-1
The ability of the protein encoded by Cititf1 to transactivate
both thyroglobulin (Tg) and thyroperoxidase (TPO) promoters
was investigated to assess its ability to function as a
transcription factor. Previously, two reporter constructs have
been generated, which contained a minimal Tg or TPO
promoter fused to CAT or luciferase (Luc) coding sequences.
Mammalian TTF-1 binds to three sites of both promoters but
efficiently activates Tg transcription, while TPO is activated
very poorly, if at all (De Felice et al., 1995, and references
therein). HeLa cells were cotransfected with expression vector
containing the sequence encoding CiTTF1 under the control of
SV40 promoter (SV40-CiTTF1) together with either the Tg or
TPO reporter constructs. As shown in Fig. 2, CiTTF1 was able
to specifically activate the Tg promoter with very high
efficiency while the TPO promoter was not activated. To verify
the specificity of the activation, a Tg promoter (C-core)
mutated in one of its TTF-1 binding sites was also used

Fig. 6. Schematic representation of ascidian endostyle
(A). Zones 1, 3 and 5 contain supporting elements.
Zones 7 and 8 show iodine-binding activity. Zones 2, 4
and 6 secrete proteins related to digestion.
(B,C) Expression of Cititf1, as revealed by whole-mount
in situ hybridization with a digoxigenin-labeled antisense
(B) or sense (C) probe, on sectioned Ciona endostyle.
Bar, 100 µm.

Fig. 7. Effects of TTF1 overexpression in Ciona larvae. Fertilized eggs were injected with
10 pg of MCititf1 mRNA (A) as a control or 10 pg of Cititf1 mRNA (B-D). The control
larva, injected with MCititf1 mRNA (A), shows a
normal morphology with the brain vesicle containing
two pigment cells, otolith and ocellus. In contrast the
larvae injected with Cititf1 mRNA (B-D) show
variable abnormalities in head-trunk development.
Present on the dorsal side is a bulb-like structure
containing a pigmented region on the outermost
surface. The tail is bent dorsally. Bar, 50 µm.
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(Civitareale et al., 1989). In this case, both TTF-1 and CiTTF1
were unable to activate transcription. We conclude that CiTTF1
is a transcription factor with a transcriptional specificity similar
to the mammalian counterpart.
Expression of Cititf1 during Ciona embryogenesis
Cititf1 expression during Ciona embryogenesis was examined
by northern blot analysis with 8 µg of poly(A)+ RNA isolated
from different stages of development, using the full-length
cDNA as a probe (Fig. 3). Expression of Cititf1 was first
detected at the pregastrula stage, where a single transcript of
2.3 kb was observed. The expression increased at gastrula but
the mRNA rapidly disappeared and no transcript was observed
at neurula and early tailbud stages. At middle tailbud stage the
transcript was detected again and expression was maintained
throughout larval life. The length of the transcript correlated
well with the length of the cDNA clone isolated, suggesting
that the clone that we isolated was nearly full size.
Non-radioactive whole-mount in situ hybridization assays
were carried out in order to determine the pattern of Cititf1
expression during Ciona embryogenesis. A full-length cDNA
was used as probe. No signal was detected with sense probe
(data not shown).
No expression was detected before the 76-cell stage (data
not shown). At this stage Cititf1 was expressed exclusively in
most, but not all, endoderm precursors (Fig. 4A). Specific
staining was seen in blastomeres A7.1, A7.2, A7.5 and B7.1,
all of which give rise to the trunk endoderm, as well as in the
blastomeres B7.2 that give rise to part of the tail endoderm
(Nishida, 1987). Staining in endodermal precursors persisted
during gastrulation (Fig. 4C) but was completely lost by the
onset of neurulation until early tailbud stage. At middle tailbud
stage the transcript appeared in a subset of endodermal cells
(Fig. 4D-E), merely the most anterior and ventral cells of the
trunk, corresponding at the larval stage to the region where the
adult endostyle originates.
Electroporation is very useful for introducing reporter DNA
constructs into Ciona eggs (Corbo et al., 1997). To test whether
the observed expression of Cititf1 was due to transcriptional
regulation, we cloned the Cititf1 gene from a Ciona genomic
library, using the entire cDNA as a probe, and determined the
transcription start site by RNase protection assay (not shown).
A 3.5 kb Cititf1 promoter region was then fused to a lacZ
reporter. The Cititf1/lacZ construct was introduced into
embryos via electroporation at a concentration of 50 µg/ml.
The electroporated embryos were grown at 18°C and analyzed
at gastrula, neurula and swimming larval stages (Fig. 5).
We did not observe expression of the reporter at gastrula
stage (not shown), while at neurula, β-gal staining was
detected in the endodermal precursors. This delay in the
expression of the reporter gene, compared to the detection of
endogenous mRNA, has been observed before and could be
due to the time necessary to accumulate enough functional βgal protein (Corbo et al., 1997). The embryo in Fig. 5B
showed expression only in one side, suggesting that the
transgene was inherited in one of the two blastomeres after the
first cell cycle as previously reported (Corbo et al., 1997).
Expression of the reporter in swimming larvae matched the
pattern of endogenous Cititf1 expression, as β-gal staining was
detected in the antero-ventral region of the trunk endoderm.

We concluded that the promoter fragment that we had cloned
recapitulates Cititf1 expression and that the control of Cititf1
expression is largely due to transcriptional regulation.
Expression of Cititf1 in the adult endostyle
In order to verify if Cititf1 was expressed in the adult
endostyle, in situ hybridization on sectioned young adults
were carried out. The general organization of the ascidian
endostyle is depicted in Fig. 6A. The cells of this organ are
differentiated into eight or nine stripes that run parallel to one
other in longitudinal orientation. The cells of each zone are
highly specialized in morphology and function. The cells of
zone 7 and 8 have an iodine-binding activity. The cells of zone
2, 4 and 6 are believed to secrete proteins related to digestion.
The cells of zone 1, 3 and 5 are considered as supporting
elements but their function is still unclear. Cititf1 mRNA was
detected specifically in zone 3-4 of the adult endostyle (Fig.
6B).
Overexpression of Cititf1 affects trunk development
The characteristic distribution of Cititf1 mRNA during early
stages of development suggests a significant role of this gene
in endodermal differentiation. To explore its putative function
in the ascidian development, we performed a series of
microinjection experiments. We injected into fertilized eggs
10 pg of Cititf1 mRNA or, as controls, MCititf1 mRNA, a
mutated mRNA encoding a protein lacking its DNA binding
domain, or 15 pg of mRNA encoding the green fluorescent
protein (GFP). In each experiment we scored for normal or
visibly altered embryos both at gastrula and at larval stages
(Table 1). No anomalies were detected at gastrula stage, while
at larval stage the injection of Cititf1 mRNA induced a visible
and specific alteration in most of the injected embryos (see
Table 1. Effects of Cititf1 overexpression on development
of Ciona embryos
Gastrula stage
Exp. 1
Control (no injection)
Control (+GFP, 15 pg)
Cititf1, 10 pg
Exp. 2
Control (no injection)
Control (+GFP, 15 pg)
Cititf1, 10 pg
Exp. 3
Control (no injection)
Control (+MCititf1, 10 pg)
Cititf1, 10 pg
Exp. 4
Control (no injection)
Control (+MCititf1, 10 pg)
Cititf1, 10 pg
Exp. 5
Control (no injection)
Control (+MCititf1, 10 pg)
Cititf1, 10 pg

Larva stage

Normal/Total

%

Normal/Total

%

37/52
9/14
9/15

71
64
60

37/37
7/9
0/9

100
77
0

20/28
13/21
8/15

71
61
53

20/20
9/13
0/8

100
69
0

56/79
37/59
38/74

71
63
52

28/56
23/37
4/38

50
62
10

108/135
35/45
45/56

80
78
80

94/108
29/35
2/45

87
83
2

50/70
27/39
43/67

71
69
64

44/50
24/27
2/43

88
89
4

In five separate experiments (1-5) the numbers of normal or visibly altered
embryos were scored at gastrula and larval stages, and the percentage of
normal embryos is indicated at both stages.
Control eggs were injected either with GFP or MCititf1 mRNA.
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below). In contrast, control mRNAs did not induce any
significant aberrations in addition to those caused by the
injection procedure itself, which were largely represented by
embryos arrested in their development (data not shown).
Otherwise, eggs from control injections developed into
morphologically normal tadpoles (Fig. 7A). The translation
efficiency of injected GFP mRNA was assessed by
fluorescence microscopy, showing that the protein was
translated and evenly distributed throughout the embryos (data
not shown).
Injection of 10 pg of Cititf1 mRNA produced visible
abnormalities in head-trunk development compared to the
control (Fig. 7B-D). The larvae showed an aberrant
development of the head and the presence of a bulb-like
structure, on the dorsal side, with a pigmented region
positioned at its outermost external surface. The tail, shorter
than normal, was bent dorsally.
Sections of Ciona larvae permitted a more detailed analysis
of this phenotype (Fig. 8). The trunk region of Ciona larva is
surrounded by epidermis and contains endoderm, mesenchyme
and the brain vescicle, with the pigmented otolith and the
ocellus (Fig. 8A,D). Mid-sagittal and trasverse sections of
Ciona larvae, injected with MCititf1, showed that the
distribution of cells in the trunk was the same as that in normal,
uninjected embryos (Fig. 8B,E)
In contrast, trunk organization was clearly altered in Ciona
larvae injected with Cititf1 mRNA (Fig. 8C,F), particularly the
presence of a large mass of endodermal cells, which
completely filled the trunk region, and the absence of the brain
vesicle, which seemed to be displaced on the dorsal side and
appeared like a bulb filled with endoderm-mesenchyme
intrusion. The brain of normal Ciona larvae contains two
sensory pigmented organs, the otolith and the ocellus. In
larvae injected with Cititf1 mRNA, a pigmented region was
present on the outermost surface of the bulb. The tail was
shorter than normal and bent. We concluded that the
overexpression of a functional CiTTF1 protein causes a
substantial alteration in development, resulting in higher
amounts of endoderm in the trunk region and in an altered tail
morphology.
Endoderm territories in Cititf1 overexpressing larvae were
compared to that of control larvae, by histochemical detection
of alkaline phosphatase (AP). In control larvae, the staining was
detected in the endoderm cells present in the trunk region and in
the notochord cells at the tip of the tail, as already demonstrated
(Whittaker, 1977) (Fig. 9A). In Cititf1 overexpressing larvae, AP
activity was present in the trunk region but its domain was
extended into the bulb-like structure, on the dorsal side (Fig. 9B).
These data demonstrate that the bulb-like structure was filled
with cells showing endoderm features. The tip of the tail was
stained as in the control embryos.
Endoderm territories were also examined by AP detection at
an earlier stage of development, taking advantage of cleavagearrested embryos at the 110-cell stage. It has been
demonstrated that, at the 110-cell stage, most of the
blastomeres are already fate-restricted (Conklin, 1905; Nicol
and Meinertzhagen, 1988; Nishida, 1987; Ortolani, 1971;
Satoh et al., 1996). If the embryos are cleavage-arrested at this
stage and reared until the control embryos reach the larval

stage, each blastomere expresses markers specific for the tissue
originating from its descendents (Crowther and Whittaker,
1983; Whittaker, 1977). Normal and Cititf1 mRNA injected
embryos were arrested at the 110-cell stage, reared until
controls reached larval stage and then the endoderm cell
differentiation was analyzed by AP activity. In control embryos
AP activity was localized exclusively in the endodermal
precursors (compare Fig. 9C to D,E), whereas in embryos
injected with Cititf1 mRNA the expression domain of AP was
expanded anteriorly into the blastomeres of the notochord
lineage (compare Fig. 9F,G to D,E). This finding suggests that
the excess endoderm present in the trunk was derived from
notochord blastomeres, whose fate was changed by ectopic
Cititf1 expression.
DISCUSSION

Cititf1 is an ascidian hortologue of mammalian TTF1
In this report we describe the isolation and characterization of
one NK-2 class gene from the ascidian Ciona intestinalis.
Structural comparison of the predicted CiTTF-1 protein with
previously reported Nkx-2 family members revealed a high
degree of homology with mammalian TTF-1, not only in the
homeodomain but also in two stretches of amino acids
upstream from the homeodomain. One of them comprises the
so-called TN-Domain. This region, that is near the amino
terminus of both TTF-1 and CiTTF1 proteins, has been
suggested to be a transcriptional activating domain that is able
to function as activator or repressor, depending on the promoter
arrangement (De Felice et al., 1995).
Cotransfection studies in HeLa cells have shown that
CiTTF-1, as the mammalian TTF-1, was able to activate the
transcription of the thyroglobulin promoter even better than its
mammalian counterpart. Like the mammalian TTF-1, CiTTF1 was unable, under the conditions tested, to activate the
thyroperoxidase promoter. Even though the number and
spacing of binding sites are quite similar in the regulatory
region of Tg and TPO promoters, the orientation of the binding
sites and their affinity towards TTF-1 are not identical,
suggesting that CiTTF-1 activity depends on the promoter
architecture. The similarities in sequence and transcriptional
activity with the mammalian TTF-1 strongly suggest that
CiTTF-1 is the ascidian orthologue of mammalian TTF-1.
Expression pattern of Cititf1 in ascidian embryos
Spatio-temporal expression pattern of Cititf1, studied by
northern blot, showed a biphasic expression of Cititf1 during
the development of the ascidian embryos. Cititf1 was first
expressed at the pregastrula stage (64-76 cells) and its mRNA
increased until the gastrula stage. No transcript was detected
at the neurula stage, while expression was restored in
swimming larvae.
The endodermal fate of early blastomeres and their
differentiation in tunicates has been studied by injection of
tracer enzymes and by the expression of alkaline phosphatase,
which is, in certain species, an unequivocal indication of
endodermal differentiation. Culture of isolated blastomeres,
derived from 8- or 16-cell embryos, has shown that only
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Fig. 8. Mid-sagittal sections (B,C) and transverse sections at the level
of the sensory vesicle (E,F) of Ciona larvae injected with MCititf1
mRNA (B,E) as a control, or Cititf1 mRNA (C,F). Tissue
organization is shown in (A) and (D). Dorsal is on the top. BV, brain
vesicle; EC, endodermal cavity; Nc, notochord; PC, pigmented cell;
Ep, epidermis; En, endoderm; MP, mesenchyme pockets. Note the
increased mass of the endodermal cells, the absence of the brain
vesicle and the presence of an extroflected vesicle in C and F only.
Red arrows indicate a pigmented region that is normally included in
the brain vescicle. Bar, 50 µm.

vegetal pole blastomeres become positive to staining specific
for alkaline phosphatase (Whittaker, 1990). However, other
cell types also derive from the vegetal pole blastomere of early
tunicate embryos. Injection of tracer enzymes in individual
blastomeres of the 64-cell Halocynthia roretzi embryo have
demonstrated that most of the larval endodermal cells are
derived from blastomeres A7.1, A7.2, A7.5, B7.1 and B7.2.
All of these endodermal precursors are fate-restricted at this
stage, their descendants being exclusively in the endoderm of
either the trunk (A7.1, A7.2, A7.5, B7.1) or the tail (B7.2)
(Nishida, 1987). Whole-mount in situ hybridization
experiments carried out on Ciona embryos showed that Cititf1
was expressed at the 76-cell stage exclusively in blastomeres
A7.1, A7.2, A7.5, B7.1 and B7.2. Cititf1 expression was one
stage delayed compared to the stage when most of the
endodermal precursors become fate-restricted (64-cell stage).
Since cellular divisions do not involve endodermal

Fig. 9. Alkaline phosphatase (AP) expression in Ciona larvae and
cleavage-arrested embryos. In control larvae (injected with
MCititf1 mRNA) the staining is localized in the endoderm cells of
the trunk and in the tip of the tail (A). In the larvae injected with
Cititf1 mRNA (B) AP activity is present in the whole trunk region
and its domain is extended into the bulb-like structure on the
dorsal side. The tip of the tail is stained like in the control.
(C) Schematic representation of endodermal precursor blastomeres
(shown in yellow) and notochord precursors of primary lineage
(shown in red) at the 110-cell stage. Control embryos (injected
with MCititf1) arrested at the 110-cell stage and reared in MFSW
until the untreated embryos reach the larval stage (D,E). AP
activity is localized exclusively in the endoderm precursors, as
shown in C. (F,G) Embryos injected with Cititf1, arrested at the
110-cell stage and reared in MFSW until the untreated embryos
reach the larval stage. The expression domain of AP is expanded
into the blastomeres of notochord lineage as shown in C.
Bars, 50 µm.

blastomeres between the 64- and 76-cell stages, the lag could
be explained by the time required to accumulate enough
Cititf1 mRNA to be detectable by in situ hybridization
techniques.
Cititf1 is the first specific molecular marker to be isolated
from the ascidians at this early stage of endodermal
differentiation. Other NK-2 genes have been shown to be
expressed in overlapping domains in the ventral endoderm and
its derivatives, like the thyroid gland and the lung (NardelliHaeflinger and Shankland, 1993; Lee et al., 1996; Reecy et al.,
1997), but they are expressed later than Cititf1 during the
embryogenesis and in restricted domains of the endoderm.
Little is known about the genes that govern the development
of the endoderm in vertebrates. A forkhead gene HNF3 has
been shown to be expressed in the mouse in the anterior portion
of the primitive streak at the onset of gastrulation in a region
where the definitive endoderm first arises (Ang et al., 1993).
Recently, two HMG domain-containing genes, Xsox17α and β,
have been clearly shown to be involved in the early
differentiation of endoderm in Xenopus embryo (Hudson et al.,
1997). Xsox17α and β are expressed in the presumptive
endoderm starting from the beginning of gastrulation, a pattern
that clearly resembles that of Cititf1 expression, suggesting a

Cititf1 and endoderm development in ascidian 5157
similar role for the ascidian gene in the endodermal
differentiation.
After the gastrula stage the expression of Cititf1 became
undetectable, as shown both by northern blot analysis and in
situ hybridization experiments, and it remained absent during
the neurula and early tailbud stages. Later, starting from middle
tailbud stage, Cititf1 was turned-on again in a subset of
endodermal cells. In the tailbud embryo the endoderm can be
subdivided into gut primordium in the trunk and endodermal
strand, a single strand of cells, in the tail. At this stage Cititf1
was expressed only in the anterior and ventral regions of the
gut primordium. Promoter fusion analysis confirmed the
expression pattern of Cititf1 in the gut primordium at the larval
stage. A 3.5 kb sequence from Cititf1 5′ regulatory region was
able to drive the tissue-specific spatial expression of reporter
genes.
The antero-ventral part of the trunk endoderm, where Cititf1
was expressed, gives rise after metamorphosis to the
endostyle, a specialized organ present in the ventral wall of
the pharynx in adult tunicates. Several lines of evidence
support the homology, initially proposed on the basis of
morphological criteria (Dohrn, 1886), between the endostyle
and the thyroid gland of vertebrates (Salvatore, 1969;
Ogasawara et al., 1996 and references therein). The structural
and functional homology of CiTTF-1 with mammalian TTF1, which has an important role in thyroid morphogenesis and
differentiation, prompted us to test whether Cititf1 was also
expressed in the endostyle of Ciona adults. In situ
hybridization of sectioned young adults (1 month old)
demonstrated that Cititf1 was expressed in region 3-4 of the
endostyle. Even though this is not the region demonstrated to
bind iodine (Olsson, 1963), Cititf1 expression in the endostyle
supports the suggestion that this organ is homologous to the
vertebrate thyroid gland.
The potential role of Cititf1 in ascidian development
In the ascidian embryo, the neural tube formation progresses
in a fashion similar to that of a vertebrate. Neurulation is
accomplished by folding of the presumptive neural cells and
proceeds from the posterior to the anterior end. At the stage
when the future larval tail is elongating (tailbud) the tube is
brought under the epidermis and becomes completely closed.
The anterior portion forms the brain vesicle with a spacious
cavity where the brain sensory organs, including the pigmented
cells of otolith and ocellus, differentiate.
When Cititf1 mRNA was injected into Ciona eggs, trunk and
tail development were affected. The tail was shorter than
normal and bent. The trunk region seemed to be completely
occupied by a mass of endodermal cells, lacked the brain
vesicle and presented, on the dorsal side, a hollow bulb with a
pigmented region on the outermost surface.
The analysis of endoderm territories by alkaline phosphatase
detection in control and Cititf1 overexpressing larvae showed
that: (1) in control larvae the staining reflected the endoderm
cells present in the trunk region; (2) in Cititf1 overexpressing
larvae the staining was localized not only in the whole trunk
region but was extended in the bulb like structure.
We suggest that, in Cititf1 overexpressing larvae, the bulb is
the brain vesicle, since its position is at the site where, in

normal larvae, a proper brain vesicle is formed inside the trunk.
The presence of a pigmented region, normally located in the
brain at the base of the bulb, and the presence of cells with
endoderm features in the bulb, support the possibility that the
increased mass of endodermal cells in the trunk could have
displaced the brain vesicle from its normal site, preventing its
internalization.
The overall phenotype of Ciona larvae overexpressing
Cititf1 could be the consequence of an interference exerted by
Cititf1 on the differentiation of blastomeres of other lineages.
This hypothesis is supported by the analysis of the cleavagearrested embryos. Ascidian embryos, which are cleavagearrested at various early stages with cytochalasin B, eventually
express alkaline phosphatase only in those cells that are known
to be of endodermal lineage (Whittaker, 1977; Satoh, 1982).
We decided to arrest the embryos at the 110-cell stage,
approximately 45 minutes after the endogenous Cititf1 was first
detected by in situ hybridization, at the 76-cell stage. The
embryos were reared and analyzed by alkaline phosphatase
staining when the control embryos reached the larval stage. In
uninjected or control RNA-injected embryos, only blastomeres
known to be precursors of endoderm (Nishida, 1987) showed
AP staining. Conversely, in Cititf1 injected embryos, AP
staining was extended in blastomeres fated to become
notochord. It has been demonstrated that tail elongation
depends on the formation of notochord. Embryos that lack
notochord cells form rudimentary tails which do not elongate
(Reverberi et al., 1960; Miyamoto and Crowther, 1985). Our
results suggest that Cititf1 overexpression could affect the
differentiation of blastomeres of notochord lineage, recruiting
them to the endoderm lineage. This effect could in turn be
responsible, at the larval stage, for the overall phenotype,
which is characterized by a short tail and a trunk completely
filled by cells with endoderm features.
Notochord precursors of primary lineage are clonally
restricted at the 64-cell stage, and this event is accompanied by
the concomitant detection of As-T gene expression (the
ascidian brachyury) (Yasuo and Satoh, 1993, 1994; Nakatani
and Nishida, 1994). Moreover when the As-T gene is
overexpressed in whole embryos by synthetic As-T mRNA
injection into Halocynthia eggs, the fate of endodermal
blastomeres is changed to become notochord cells (Yasuo and
Satoh, 1998). On the other hand Cititf1 was first detected, by
in situ hybridization techniques, at the 76-cell stage, just one
cell division after most of the endodermal blastomeres undergo
fate restriction. If Cititf1 was expressed at earlier stages by
synthetic Cititf1 mRNA injection into Ciona eggs, notochord
lineage blastomeres, in cleavage-arrested embryos, expressed
the endoderm-specific marker alkaline phosphatase.
The switch from notochord to endoderm fate induced by
Cititf1 parallels the reverse change (endoderm to notochord
fate) induced by As-T. Taken together these data suggest that
the blastomeres of endoderm and notochord lineages have the
potential to differentiate in either direction and that the final
differentiation is induced by the appearance of either As-T (for
notochord) or Cititf1 (for endoderm).
Cititf1 represents the first homeobox containing gene, of the
NK-2 class, to be shown to exert an effect on endoderm
development and is the first specific regulatory endodermal
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marker to be isolated from an ascidian. Cititf1 seems to play
additional important roles later during endoderm patterning
and endostyle differentiation. Cititf1 will be instrumental in
elucidating these processes.
We would like to thank Dr Rosaria De Santis and Dr Rita Marino
for their helpful assistance in the analysis of Ciona embryos.
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