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Abstract

Neural crest arises at the neural plate border, expresses a core set of regulatory genes, and
produces a diverse array of cell types including ectomesenchyme derivatives that elaborate the
vertebrate head!2. The evolution of neural crest has been postulated as a key event leading to the
appearance of new cell types that fostered the transition from filter feeding to active predation in
ancestral vertebrates3. However, the origin of neural crest remains controversial, since
homologous cell types have not been unambiguously identified in non-vertebrate chordates!-4.
Here we show that the tunicate Ciona intestinalis possesses a cephalic melanocyte lineage (a9.49)
similar to neural crest that can be reprogrammed into migrating ectomesenchyme by the targeted
misexpression of Twist. Our results suggest that the neural crest melanocyte regulatory network
predated the divergence of tunicates and vertebrates. We propose that the co-option of
mesenchyme determinants, such as Twist, into the neural plate ectoderm was crucial for the
emergence of the vertebrate “new head”3.

Whole-genome phylogenetic analyses place the tunicates as the true sister clade to
vertebrates®, and consequently they are well suited for investigating the evolutionary origins
of neural crest. In a previous report on the mangrove tunicate, a migratory cell population
originating from the vicinity of the neural tube was likened to neural crest®. However,
subsequent studies of eleven additional tunicates provided unequivocal evidence that these
cells arise from the mesoderm flanking the neural tube’. It was then suggested that a
mesoderm-derived mesenchyme lineage (A7.6) in Ciona possessed some of the properties of
neural crest®, although these cells do not arise from the neural plate border and lack
expression of key neural crest regulatory genes.

We present evidence that the a9.49 cell lineage of Ciona embryos represents a rudimentary
neural crest. It arises at the neural plate border and expresses several neural plate border
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genes, as well as a number of neural crest specification genes, including Id, Shail, Ets, and
FoxD813 (Fig. 1a, Supplementary Fig. 1). In vertebrates, Mitf directly activates several
target genes required for melanogenesis of neural crest-derived melanocytes, including Tyr
and TRP, In tunicates, Mitf is expressed in the a9.49 lineagel®, which can be labeled via
electroporation of a Mitf reporter plasmid (Mitf>GFP) (Fig. 1b). The posterior daughters of
the lineage (a10.97) intercalate at the dorsal midline and form the gravity-sensing otolith and
melanocyte of the light detecting ocellus (Fig. 1c)!6. We sought to understand the basis for
the differential specification of these pigmented cells.

Wht signaling plays a conserved role in neural crest induction, and promotes melanocyte
formation from cephalic neural crest in zebrafishl’. Both a10.97 cells express Tcf/Lef, the
transcriptional effector of Wnt signaling3, thus Wnt might also play a role in Ciona
melanogenesis. We found that Wnt7 is expressed along the dorsal midline just posterior to
the presumptive ocellus (Fig. 1b), suggesting that it might serve as a positional cue to trigger
differentiation of the posterior a10.97 melanocyte.

Whnt signaling was selectively perturbed in the a9.49 lineage using the Mitf enhancer (Fig.
1c-f). A py-crystallin reporter was used to distinguish the melanocytes since it is expressed
in the otolith but not the ocellus (Fig. 1c). Both pigmented precursors were converted to
ocelli upon misexpression of Wnt7 (Fig. 1d). A similar transformation was observed upon
targeted expression of a stabilized form of f-catenin, the coactivator of Tcf (Fig. 1e). In
contrast, misexpression of a dominant-negative form of Tcf (Mitf>dnTCF) produced the
reciprocal transformation: both a10.97 melanocytes differentiated into otoliths and
expressed the gy-crystallin reporter (Fig. 1f).

Supernumerary otoliths were induced by the expression of a constitutively active form of the
Ets1/2 transcription factor (Fig. 1g and Supplementary Fig. 2). Coelectroporation of
Mitf>Wht7 transformed these extra otoliths into ocelli (Fig. 1h). These results suggest that
Wnt7 signaling specifies the ocellus and suppresses the development of the otolith. To
determine the underlying mechanism we sought to identify neural crest specification genes
that are selectively activated in the presumptive ocellus in response to Wnt7 signaling.

In vertebrates, Foxd3 has been shown to repress melanogenesis of neural crest cells via
downregulation of Mitf1418_In Ciona, FoxD is directly activated by the accumulation of
nuclear S-catenin in the early embryo, indicating a potential link between Wnt signaling and
FoxD expression1®. We found that FoxD is selectively expressed in the presumptive ocellus,
(Fig. 2a, b) adjacent to the expression of Wnt7 in the dorsal midline (Fig. 1b). A FoxD
enhancer recapitulates this expression in the presumptive ocellus (Fig. 2c), and is dependent
on Whnt signaling, as expression is lost in the presence of dnTCF (Fig. 2d).

To investigate the role of FoxD in melanogenesis, we expressed variants of FoxD in the
midline of the CNS, including the a9.49 lineage, using 5’ regulatory sequences from the Msx
gene (Fig. 1a, Supplementary Fig. 3). Targeted expression of either full-length FoxD or the
N-terminal third of FoxD (hon-DNA binding) abolished expression of the Mitf>GFP
reporter gene (Fig. 2e, f, Supplementary Fig. 3). However, misexpression of a constitutive
repressor form of FoxD (DNA binding domain fused to a WRPW repressor motif) had little
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effect on Mitf expression (Supplementary Fig. 3). These results suggest that FoxD represses
Mitf independent of its DNA binding domain, which is consistent with its mode of
regulation in avian embryos, where Foxd3-mediated repression of Mitf is thought to occur
through the sequestration of the transcriptional activator Pax318.

Our results suggest a simple gene regulatory network (Wht7— FoxD-Mitf) for the
differential specification of the otolith and ocellus in the Ciona tadpole (Supplementary Fig.
4). Both a10.97 cells express Mitf prior to neurulation and during the convergence of the two
cells along the dorsal midline of the anterior neural tube. Subsequently, the posterior a10.97
cell receives a localized Wnt7 signal and activates FoxD, which attenuates Mitf leading to
diminished pigmentation in the ocellus. Mitf expression is sustained in the anterior a10.97
cell, which forms the densely pigmented otolith.

Zebrafish employ a remarkably similar mechanism to specify neural crest-derived
pigmented melanophores and iridophores, which derive from a common bi-potent Mitf+
progenitorl4. The conservation of this network strengthens the argument that the a9.49
lineage of Ciona represents a rudimentary neural crest. However, the a9.49 lineage lacks
some of the defining properties of cephalic neural crest, such as long-range migration and
the potential to form ectomesenchyme derivatives.

We therefore sought to identify vertebrate neural crest determinants that are not expressed in
the Ciona a9.49 lineage. In vertebrates, the craniofacial mesenchyme is derived from
primary mesoderm and the ectomesenchyme arising from cephalic neural crest®20. Both
sources of cranial mesenchyme express the conserved mesodermal determinant Twist?! and
produce diverse cranial tissues including muscle, cartilage and bone. In tetrapods, it appears
that only the cephalic neural crest expresses Twist and produces ectomesenchyme?1-23,
whereas trunk neural crest lacks Twist expression and generates non-ectomesenchymal
derivatives (e.g. neurons, glia and melanocytes)?. Disruption of Twist activity causes severe
cephalic neural crest phenotypes, including defects in cell migration and survival, as well as
morphological defects of the skull vault and heart?1.22.24,

There are three Twist-related genes in Ciona. In this study we focused on the one most
similar to Twistl in vertebrates (Supplementary Fig. 5). In Ciona, Twist is expressed solely
in mesoderm-derived mesenchyme (Fig. 3a). It is not expressed in any region of the neural
plate, including the a9.49 lineage. Twist-expressing mesoderm undergoes long-range
migration (Fig. 3b) and produces a number of diverse tissues in juveniles and adults,
including body wall muscles, tunic cells (which populate the protective covering of the
adult), and blood cells2°. The migration and differentiation of these mesoderm tissues are
inhibited when Twist expression is reduced?>.

To determine whether ectomesenchyme could be formed in Ciona, we misexpressed Twist in
the a9.49 lineage using the Mitf enhancer (Fig. 3c, d). The manipulated cells exhibit a
mesenchymal phenotype, including protrusive activity, proliferation and long-range
migration, which was not observed by the misexpression of other related genes
(Supplementary Movie 1, Supplementary Fig. 6). Moreover, misexpression of Twist in the
notochord and motor ganglion causes some disruptions in terminal differentiation, but does
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not transform these tissues into mesenchyme (Supplementary Fig. 7). The reprogrammed
a9.49 cells exhibit expression of mesenchyme genes, including ERG (Supplementary Fig. 8),
which is expressed in the ectomesenchyme of mouse embryos26. The affected lineage was
visualized in juveniles using reporters for Tyr, a gene that is activated by Mitf in
melanocytes! (Fig. 3e,f). Normally the a9.49 derivatives are located solely in an anterior
region of the CNS (Fig. 3e). In contrast, embryos expressing Mitf>Twist result in juveniles
with ectopic a9.49 cells (Fig. 3f). The reprogrammed cells appear to produce mesodermal
derivatives, such as tunic cells based on their location and their distinct, rounded
morphology (Supplementary Fig. 9).

Additional evidence for the reprogramming of the a9.49 lineage was obtained with Kaede, a
photoconvertible fluorescent protein that was previously used in Ciona to trace the
formation of the CNS27. Here, embryos were co-electroporated with Mitf>Twist and
Tyr>Kaede, which mediate expression in the a9.49 lineage (Fig. 4a). Tailbud embryos that
were not exposed to UV light show no red fluorescence (Fig. 4b) and result in juveniles that
have only green a9.49 descendants (Fig. 4c). In contrast, tailbud embryos treated with UV
(Fig. 4d, e) develop into juveniles that display red cells throughout the body. Control
juveniles lacking Mitf>Twist exhibit the expected expression solely in the CNS
(Supplementary Fig. 10). Finally, time-lapse microscopy was used to examine the
Mitf>Twist expressing cells in juveniles. Some of these cells migrate like the normal tunic
cells derived from the mesenchyme (Fig. 49, Supplementary Movie 2). Thus, the
misexpression of Twist appears to be sufficient, in part, to reprogram the a9.49 lineage into
ectomesenchyme.

The mesenchymal properties of neural crest were proposed to be the last features to appear
during its evolution3-28. Our studies of the non-vertebrate chordate Ciona intestinalis
support this hypothesis. We propose that cephalic neural crest arose from the co-option of
one or more mesenchyme determinants (e.g. Twist) in a rudimentary neural crest cell type.
Thus, this enigmatic cell population should not be considered a vertebrate innovation but
rather an elaboration of an ancestral chordate gene network.

Embryo preparation and imaging

Ciona intestinalis adults were obtained, in vitro fertilized, and electroporated for transient
transgenesis as described?. For each electroporation, typically 70 pg of DNA was
resuspended in 100 pl buffer. Embryos were fixed at the appropriate developmental stage for
15 minutes in 4% formaldehyde. The tissue was then cleared in a series of washes of 0.01%
Triton-X in PBS. Actin was stained overnight with Alexa-647-conjugated phalloidin at a
dilution of 1/500. Samples were mounted in 50% glycerol in PBS with 2% DABCO for
microscopy. Differential interference contrast microscopy was used to obtain transmitted
light micrographs with a Zeiss Axio Imager A2 using the 40x EC Plan Neofluar objective.
Confocal images were acquired on a Zeiss LSM 700 microscope using a plan-apochromat
20x or 40% objective. Confocal stacks contained approximately 50 optical slices at a
thickness of 1-2 um each. Images were rendered in 3D using Volocity 6 with the 3D opacity
visualization tool. For time-lapse microscopy, larvae and juveniles were anesthetized in
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artificial seawater supplemented with 0.04% tricaine mesylate in glass bottom dish. Time-
lapse images were taken on a Zeiss LSM 700 microscope at intervals of 3-4 minutes.

Molecular cloning

The University of California Santa Cruz Genome Browser Gateway facilitated the
identification of conserved non-coding sequences between Ciona intestinalis and Ciona
savignyi. Primers (Supplementary Table 1) were used to PCR amplify these putative
enhancer sequences which were cloned into a pCESA vector using either Ascl/Notl
restriction sites for Propl, Twist, and Sj-crystallin or Ascl/Xhol for Mitf. The Mitf enhancer
sequence was cloned 5’ of a basal FOG promoter. The LacZ coding sequence of the pCESA
vector was replaced with UNC-76 GFP, UNC-76 mCherry, H2B mCherry, eGFP, or Kaede.
The ZicL, Msx, FoxD, Tyr, TRP, Brachyury, and DMBX enhancers have been previously
described10:13.19.29.30 " A similar cloning strategy was used to create misexpression vectors
using Not1/EcoR1 sites for control group A bHLH genes, Wnt7, FoxD, and FoxD N-term or
Notl/Blpl sites for stabilized f-catenin and Twist (Supplementary Table 1). The
FoxD:DBD:WRPW coding sequence was made by amplifying the DBD of FoxD
(Supplementary Table 1), which was subcloned into a pCESA vector containing an HA:NLS
peptide and a WRPW repressor motif using Nhel/Spel sites. Additional coding sequences
for Ets: VP16, Ets: WRPW, and dnTCF, were subcloned from existing expression vectors13,

In situ hybridization and immunohistochemistry

The double fluorescent in situ hybridizations and immunohistochemistry were performed as
described?® using linearized cDNA clones for Wht7 (cilv33g04), FoxD (citb8013), ERG
(cilv04i11), Mech2 (cicl04m09), and Twist (cicl20p07) from Nori Satoh's (OIST, Okinawa,
Japan) cDNA library.

Kaede lineage tracing

Embryos electroporated with Tyr>Kaede and co-electroporated with Mitf>LacZ or
Mitf>Twist were developed in the dark until the late tailbud stage. Tailbuds expressing
Kaede were then photoconverted with UV using the DAPI filter on a Zeiss Stereo
Lumar.V12 for 3 minutes. Embryos were then continuously reared in the dark to the juvenile
stage and prepared for imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Wnt signaling promotes ocellus formation
a, Gastrula stage schematic indicates the lineage specific expression of enhancers in this

study. b, Tailbud electroporated with Mitf>LacZ detected with an antibody (green), and
hybridized with a Wnt7 probe (red). c-f, Larvae electroporated with Sy-crystallin>GFP
marks the otolith and anterior palps. ¢, Co-electroporated with Mitf>LacZ (166/196 had an
otolith and ocellus). d, Co-electroporated with Mitf>Wnt7 (172/205 had two ocelli). e, Co-
electroporated with Mitf> stable f-catenin (189/205 had two ocelli). f, Coelectroporated with
Mitf>dnTCF (100/205 had two otoliths). g,h, Larvae electroporated with Zicl>Ets: VP16 and
pr-crystallin>GFP. g, Co-electroporated with Mitf>LacZ (75/100 had extra otoliths). h, Co-
electroporated with Mitf>Wnt7 (only 11/100 had extra otoliths). Scale bars, 50 pm.

Nature. Author manuscript; available in PMC 2014 December 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abitua et al.

Page 9

a/a10.97

a/a10.98 A
/\ N

Mitf>LacZ Mitf>dnTCF

Msx>LacZ Msx>FoxD N-term

Figure 2. FoxD represses Mitf in the ocellus
a, Tailbud electroporated with TRP>LacZ detected with an antibody (green) marking the

precursors of the otolith and ocellus, and hybridized with a FoxD probe (red). b, FoxD is
expressed in the posterior a10.97 cell. c-d, Tailbuds electroporated with FoxD>mCherry and
Mitf>GFP. Arrowheads mark the presumptive ocellus. ¢, Co-electroporated with Mitf>LacZ
(126/180 expressed mCherry). d, Co-electroporated with Mitf>dnTCF (only 30/180
expressed mCherry). e-f, Tailbuds electroporated with Msx>H2B mCherry, and Mitf>GFP.
Arrowhead shows GFP expression in a9.49 derivatives. e, Co-electroporated with
Msx>LacZ. f, Co-electroporated with Msx>FoxD N-term. Scale bars 50 um (a, c-f); 25 um

(b).
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Mitf>LacZ S ' Mitf>Twist -

Figure 3. Twist reprogramsthe a9.49 lineage
a, Neurula hybridized with a Twist probe. b, Tailbud during mesenchyme migration (arrows)

co-electroporated with Twist>GFP and Twist>H2B mCherry. ¢,d, Larvae electroporated
with Mitf>GFP, and Mitf>H2B mCherry. Insets show lineage marked with Tyr>mCherry,
and Tyr>H2B YFP. c, Co-electroporated with Mitf>LacZ. # and * mark the otolith and
ocellus, respectively. d, Co-electroporated with Mitf>Twist. Arrowheads indicate ectopic
position of a9.49 derivatives. e f, Juveniles electroporated Tyr>mCherry, and Tyr>H2B
YFP. Arrows indentify the position of a9.49 derivatives. e, Co-electroporated with
Mitf>LacZ. f, Coelectroporated with Mitf>Twist. Scale bars, 50 um.
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a Mitf>Twist

d Mitf>Twist
UV Treated
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Figure 4. Lineage tracing of reprogrammed a9.49 cells
a-f, Ciona electroporated with Mitf>Twist and Tyr>Kaede. a,b, Non-UV treated tailbud

shows only green fluorescence ¢, Embryo never exposed to UV results in a juvenile with
only green ectopic cells (arrows). d,e, UV treated tailbud shows green and red fluorescence
respectively. f, UV treated embryo results in a juvenile with green and red ectopic cells
(arrows). g, Time-lapse frames of Supplemental Movie 2 (minutes indicated) shows the
migration of reprogrammed a9.49 cell labeled with Tyr>mCherry (arrowhead). Scale bars,
50 pm.
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