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Shh?*

Fig. 9. NCC derivatives were mislocalized in &/ mutant embryos in areas
where Prcht™% was normally expressed. The NCC marker Ap2a expressed
in the dorsal neural tube and DRGs (A) was expanded into the ventral neural
tube as well as across the midline below the neural tube {(C vs. B). ell.5
sections of NCC trace compared to Prchi™™ % showed the DRG axons
abnormally crossing the midline in Shh mutants (F vs. E) where Preh1™"% is
normally expressed (D). In addition, the DRGs were fused in the midline as
predicied by Ap2y expression (atrows 1 vs. H). However, these defects are
not restricted to the ventral neural tube area as the DRGs were also fused in
the AP axis (1 vs. H arrowheads) where Ptch /2% also had a segmental
pattemn (G). This fusion was consistent with the neuronal staining of cranial
nerves and DRGs (Figs. 41— M). Lineage traced NCCs were also abnormally
seen in the dorsal pharyngeal region and midline of Shi ™~ embryos (arrows
L. vs. K) as well as the OT of the heart (Fig. 7), all corresponding with areas
of normal Prch!™ expression. These dafa strongly suggest that NCC
derivatives are mislocalized in Sih™" embryos. O—otocyst, P—pharynx,
AS-—aortic sac.

significantly on NCCs between ¢9.5-11.5. Bup signaling
has been implicated in the early development of NCCs
(Aybar et al., 2002; Baker and Bronner-Fraser, 1997).
We therefore examined for changes in Bmp expression in
Shh™™ embryos. Signiticantly, we noted a marked reduc-
tion in Bmp4 expression in the dorsal ectoderm of Shh
mutant embryos. This change in Bmp expression might
explain early loss of NCCs. However, lineage tracing of
NCCs revealed significant loss within the arches also,
consistent with later morphological defects seen in Sha ™~
embryos. Analysis of cell death revealed a striking pattern

of apoptosis of NCCs and pharyngeal endoderm within the
arches. Examination of four NCC markers, Crabpl, Ap2a,
Twist, and Sox9, revealed significant differences in patterns
of expression. While Crabpl, Tivist, and Sox9 were absent
from the first arch, 4p2a continued to be expressed within
the arch ectoderm (Fig. 10 and data not shown). In
addition, Sox9 expression was absent or reduced in several
significant places including the distal pharyngeal arches
and the developing DRGs and/or somites (Figs. 10C,D).
Strikingly, the loss of Sox9 at €9.5 and 10.5 matched the
pattern of apoptosis seen in three-dimensional reconstruc-
tions of cell death in Shh~"" embryos (Fig. 101). This also
cotrelated with the areas where NCCs were missing in the
arches and the DRGs as determined by NCC lineage
tracing (Figs. 10G,H and data not shown). While this loss
of expression may represent dead cells, the continued
expression of Aplu in the same cells, both mRNA and
protein (data not shown), suggests that maintenance of
Sox9 expression in NCCs is lost in Shh™™ embryos,
possibly resulting in their death.

Discussion

" ,,,//,,, .
Shh embryos demonstrate a developmental mechanism

Jor pulmonary artery atresia

Evaluation of S#A~" embryos near term revealed a
single OT arising from both ventricles. This conformation is
suggestive of conotruncal septation failure. However, OT
development in Skh ™~ embryos is abnormal prior to the
onset of septation with clear absence of the forming
pulmonary artery (Figs. 3A~H). Our results suggest that
the pulmonary artery fails to form in Sh4 ™" embryos, not
because of a failure of conotruncal septation, but rather due
to hypoplasia of the caudal ventral pharynx and failure to
form the fourth and sixth aortic arch arteries. In addition,
shortening of the OT may contribute to the abnormal
pulmonary artery development. Loss of these structures
appears to result in a failure to maintain the endothelial
channel that normally forms the pulmonary artery. The third
arch artery then presumably compensates for the loss of the
fourth arch artery to become the aortic arch and maintain the
cardiac circulation. OQur data also suggest that mislocaliza-
tion of NCCs within the OT channel may partially obstruct
the pulmonary channel, possibly contributing to the
observed phenotype. While the etiology of the agenesis of
the fourth and sixth arches (and arteries) remains unclear,
extensive cell death in the pharyngeal endoderm and NCCs
of the arches seems the most likely cause.

Shh, Ihh, and the anterior heart field
As early as €8.75, shortening of the OT can be seen in

Shih ™'~ embryos. At this stage, ShA~'~ embryos are difficult
to distinguish in size and morphology from wild type
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Fig. 10. Whole-mount mRNA in situ demonstrated loss of dorsal swfice ectoderm expression of Bmp4 in ¢10.5 Shh mutants (A vs. B). Sox9 expression was
abnormal as early as €9.5 in Shh mutants (C vs. D) and the domains of lost expression match those where NCCs are absent (G,H). There was increased cell
death (1) where Sox9 was missing in the st arch (arrow) and trunk (arrowheads) of similar-staged Shh mutant embryos (C,1,1). In addition, general somite
segmentation was present as late as el0.5 in Shh mutants, indicating that the AP fusion of the DRGs was not a general phenomenon (EF arrowhead) but

more specific to NCC derivatives.

embryos, suggesting that the decreased OT size is not
simply due to growth retardation. The smaller OT appears to
be the source of the “pulling up” of the right venticle
observed in Shh ™" embryos (lzrachi et al., 1999; Tsukui et
al,, 1999), a process described in manipulated chick
embryos with a shortened outflow tract (Yelbuz et al,
2002, 2003). Why are the outflow tracts and right ventricle
of Shh ™" embryos reduced? Recent data have demonstrat-
ed that the normal growth of the OT and right ventricle ate
dependent on the newly described anterior heart field (Abu-
Issa er al., 2004; Cai et al., 2003; Kelly and Buckingham,
2002; Mjaatvedt et al., 2001). Interestingly, /hh;Shh double
null mutants or Smo mutants have more severe heart defects
than Shh '~ embryos (Zbang et al, 2001). These defects
imply that /A4 in combination with Shh are critical for early
development of myocardial precursors, possibly the anterior
heart ficld. Whether {54 and/or Shh play some combinato-
rial role in the development of the anterior heart field
remains to be determined.

Shh™"" cardiovascular defects resemble tetralogy of Fallot

In addition to pulmonary artery atresia, Sh4 ™'~ embryos
have VSDs as well as an overriding aorta and variable
ventricular hypertrophy. This constellation of cardiac
phenotypes resembles a defined syndrome, tetralogy of
Fallot (TOF). Complete pulmonary artery atresia with VSD
is considered to be the most severe form of this syndrome
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(Adams et al., 1983). Interestingly, other defects in Shh™"~
embryos such as atrial septal defects, right aortic arch,
atrioventricular canal, and anomalous pulmonary venous
return have all been associated with pulmonary artery atresia
with VSD (Bharati et al, 1975). Intriguingly, loss of the
SHH receptor SMO results in loss of Nkx2.5 expression in
the mouse. In humans, the Nkx2.5 gene has also been
implicated in TOF, particularly TOF with pulmonary atresia
(Goldmuntz et al., 2001; Zhang et al., 2001). This suggests
that a conserved signaling pathway involving SHH induc-
tion of Nkx2.5 may be defective in some humans with TOF
like lesions.

Previously, Shh mutants have been suggested to be
a model for human Vacterl (Vater) association as mutants
also have renal, vertebral, and anal defects (Kun st al.,
2001). Indeed, TOF is a reported cardiac defect seen in
Vacterl association (Garne ¢t al., 1999). In addition, TOF,
particularly with pulmonary atresia, is also highly
associated with the 22qlldeletion syndrome (Chessa et
al.. 1998; Maeda et al, 2000) In looking for human SHH
mutations, Nanni and colleagues examined patients with a
single midline incisor, a mild form of holoprosencephaly.
In the 12 patients examined, two had Vacterl syndrome,
and two had 22qlldeletion syndrome. Strikingly, 3 of 12
were also diagnosed with TOF. While mutations in the
coding region of SHH were not identified in these three
particular patients, regulatory regions of the Shh gene
were not examined (Nann et al., 2001).
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Recent studies examining candidate gencs contained
within the 22qlldeletion region have irnplicated loss of
the transcription factor Thx/ as causative for some of the
observed phenotypes (Jerome and Papaioannoun, 2001;
Lindsay et al, 2001; Merscher et al, 2001; Yagi =t al,
2003). We and others have shown that Shkx ™"~ embiyos
have arch artery defects similar to those seen in Thx/
mutants and that ectopic expression of Shh can result in
upregulation of 7hx/. In addition, Thx/ has been implicated
in anterior heart field development (Hu et al., 2004; Xu et
al., 2004), counsistent with our data for Shh mutants
presented here. Furthermore, Shh can regulate Thbx/
expression through Fox family transcription factors
(Foxc?), indicating a regulatory relationship between Shh
and Thxl (Garg et al, 2001; Yamagishi et al, 2003).
Supporting this finding, Jeong et al. (2004) provide strong
evidence that Hedgehog signaling in craniofacial mesen-
chyme also acts through multiple Fox gene members
including Foxe2. Finally, Foxel, Foxc2 double mutants are
reported to also have aaterior heart field defects (1. Kume,
pers. comum.).

Our data coupled with these studies suggest that defects
in the Shh signaling pathway may account for some patients
with pulmonary atvesia. Patients who also have the 22q11
deletion, Vacterl syndrome, and/or mild midline forebrain/
craniofacial defects would be of particular interest to study
for defects in the Shk signaling pathway.

Shh effect on NCC appears indirect between €9.5 and 11.5

The majority of pharyngeal arch tissue is derived from
migratory NCCs with contributions from endoderm,
ectoderm, and paraxial/lateral plate mesoderm. NCCs are
required for development of not only the aortic arch
arteries and OT septation, but also for craniofacial bones,
endocrine organs of the neck, auditory ossicles, sympa-
thetic ganglia, and dorsal root ganglia. Virtually all of
these structures are missing or defective in Shh ™'~
embryos. Within the arches, NCCs in Shh mutants
undergo extensive aberrant cell death, primarily in the
distal first and second arches. Ptchl'% expression
suggests SHH diffuses and signals to adjacent mesen-
chyme within the arches, but not directly to NCCs
between €9.5 and 10.5 as Prchl™™% is not coexpressed
to any significant degree in lineage traced NCCs.
Supporting this observation is the finding that tissue-
specific deletion of Smo from migratory NCCs has no
visible early (e8.5-10.5) phenotype on NCC derivatives
(Jeong ot al., 2004), while Shh™" embryos have visible
pharyngeal defects as early as ¢9.0. Furthermore, work
with neural tube explants supports an indirect role for
SHH. NCCs do not egress from the neural tube when
exposed to SHH protein from all sides, an effect that is
PTCH-receptor-independent (Testaz et al, 2001). This
indicates that SHH signaling to NCCs during these stages
is primarily indirect or oceurs without induction of Ptchl.

Ptchl expression suggests that Shh may function in a
pathway of NCC exclusion/repulsion

One of the surprising findings in this study is the
complementary expression of Prchl** relative to NCCs
between ¢9.5-11.5. This suggests that the Hedgehog
signaling pathway may restrict the domains that NCCs can
populate. Signals emanating from the ventral neural tube act
to repulse and prevent DRG axons from crossing the
midline (Masuda et al., 2004). In ShA™"" embryos, we sce
evidence of mislocalization of NCC derivatives such as the
trigeminal ganglion and the DRGs, which are fused across
the midline. These findings cannot simply be due to loss of
midline structures as the DRGs are also fused in the rostral—
caudal axis as well. The fusion of DRGs in this axis could
be accounted for by the loss of somite segmentation as a
physical barrier due to cell death of the developing somites.
While some somite markers at these stages are absent (Pax/
in Figs. 4E,F), Dwist continues to be expressed in a
segmental pattern, suggesting that physical segmentation
remains infact at these stages (Figs. 10E,F).

Recent evidence that SHH can act as an axonal migration
chemo-attractant in the floor plate adds further support for
Shh gene signaling acting as a guidance factor (direct or
indirect) of NCCs (Charron et al, 2003). Roles in both
repulsion and attraction depending on target tissue have
been shown for other guidance factors. Importantly, a role
for Shh in dorsal commissural neuron repulsion has also
been reported (Bourikas et al, 2005). Interestingly, this
repulsion also appeared to be independent of Prchl
expression and was HIP (hedgehog interacting protein)-
dependent. Three other studies support this model: (1)
NCCs have altered cell adhesion properties and fail to
migrate from newal tube explants exposed to exogenous
SHH (Testaz et al., 2001). (2) SHH can also suppress retinal
ganglion axon outgrowth in vitro (Trousse et al., 2001). (3)
GDNF-induced migration of enteric NCCs can be inhibited
by SHH protein (Fu et al, 2004). Our data in combination
with these studies suggest that Shk gene signaling can act
either directly or indirectly as a chemo-atiractant or a
repulsive factor depending on the developmental context.

Therefore, these data suggest that Sh# is necessary for
some secondary mediator produced from the non-NCC
mesenchyme and/or endoderm which guides NCCs. Loss of
this guidance information appears to result in significant
loss of NCCs through cell death. This factor(s) appears to be
important at both the time of delamination and during NCC
migration as Shh™" embryos have defective NCC devel-
opment at both stages.

Although dorsal patterning (where NCCs are generated)
is thought to essentially remain intact, we have detected
abnormal dorsal specification in Shh ™~ embryos. Specifi-
cally, we have found that surface ectodermal expression of
Bmp4 is absent around the dorsal neural tube (Figs. 10A,B).
Tissue-specific deletion of the Bmp receptor la gene from
migratory NCCs results in their loss and OT septation
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defects (Stottmann et al., 2004). Interestingly, loss of the
Bmp4 inhibitor gene Chordin can result in a 22q! tdeletion
syndrome-like phenotype through alterations in NCC
development, suggesting that both gain and loss of Bmp
signaling can negatively affect NCCs (Bachiller et al,
2003). In addition, loss of function of Bmp4 can result in
OT defects, although these appear to be direct effects on the
developing heart (and possibly the anterior heart field), not
related to NCCs (Liu et al., 2004).

As Bmp signaling is thought to be critical for the
development of NCCs, we cannot rule out misspecification
at the time of delamination. Indeed, we noted significant
increased cell death in the area of delaminating NCCs in
Shh™"" embryos (Figs. SE—G). However, other data
presented here suggest that specification and delamination
are grossly normal. Marker analysis (Ap2« and Crabpl) and
PO-Cre;R26R lineage tracing suggest that NCCs are
specified and migrate into the pharyngeal arches, but either
take abnormal routes or pass through tissue from which they
are normally restricted and subsequently undergo apoptosis.
ln addition, studies in chick have demonstrated that
blocking SHH function with antibody can result in NCC
death after migrating from a presumably normally patterned
neural tube, suggesting that Shh is required after specifica-
tion and migration (Ahlgren and Brouner-Fraser, 1999).

Apalysis of cell death revealed a striking pattern of
apoptosis within the NCCs and pharyngeal endoderm. In
addition, lineage tracing of NCCs revealed significant loss
of NCC derivatives within the arches consistent with later
morphological defects seen in Shh™"" embryos. Stikingly,
the pattern of cell death matched the loss of Sox9 expression
in Shh~"" embryos and correlated with the arcas where
NCCs were missing (Figs. 10G,H,], and data not shown).

Sox9 has been implicated in the differentiation but not
the induction of NCCs (Cheung and Briscoe, 2003), and
SHH can induce Sox9 (Zeng et al.,, 2002). Heterozygous
Joss of Sox9 results in bone differentiation defects including
inner ear, jaw, and palate defects (Bi ot al., 2001). Sox9""™
mouse embryos dic shortly after birth from undefined
causes. Tissue-specific deletion of Sox9 in NCCs using
Wntl-Cre vesulis in bone and OT cushion defects, similar to
Shh™ embryos but milder (Mori-Akiyama et al., 2003:
Akiyama et al., 2004). Therefore, it seems likely that loss of
Shh results in failure to maintain Sox9 expression and other
factors resulting in the NCC-associated loss of arch-derived
bone structures and possible OT defects.

In summary, loss of Shk affects several cell populations
important in pharyngeal and cardiovascular development.
NCCs are specified and migrate (including into the OT) but
are mislocalized and undergo apoptosis, possibly through a
combination of altered Bmp signaling and loss of Sox?
expression. SHH does not appear to signal directly to NCCs
between €9.5 and ell.5 but rather appears to induce/
suppress a secondary survival/apoptotic factor. Mislocaliza-
tion of NCCs may also contribute to the loss of NCCs
observed. The OT septation defects are not due solely to loss
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of NCCs but rather to a general failure of caudal pharyngeal
development. This failure results in no formation of the
fourth and sixth arch arteries and results in pulmonary artery
atresia. In addition, mislocalized NCCs may act to obstruct
the developing pulmonary artery. Finally, effects on O1 and
right ventricular development may also be in part caused by
a requirement for Sh4 on anterior heart field development.
The summation of these defects results in a phenotype that
resembles the most severe form of TOF. Hedgehog
signaling coordinates multiple aspects of cardiovascular
growth and development. Determining how the NCCs,
anterior heart field, and endoderm are linked in coordinating
the growth and development of the cardiovascular system
will be an active area of future investigation.
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Abstract

Neural crest (NC) cells are multipotent cells that can differentiate into melanocytes, neurons, glias and
myofibroblasts. They migrate into the fetal thymus on embryonic day (E) 12 in mice and may participate
in thymic organogenesis. Although the abnormality of migration and distribution of NC cells in the
thymus results in immunodeficiency, the spatial and temporal presence of their progeny cells has not
been defined in detail. In this study, we traced NC-derived cells based on the myelin protein zero gene
promoter-Cre-mediated excision. We demonstrated that large numbers of NC-derived cells in the
thymus were detected on E11.5 to E16.5 but rarely on E17.5. A colony formation assay of single thymic
cells demonstrated that multipotent cells with the potential to differentiate into melanocytes, neurons
and/or glias were present in the E14.5 and E15.5 but not in the E17.5 fetal thymus. Furthermore, we
confirmed that these muliipoient cells were NC-derived cells. Taken together, these findings imply that
multipotent NC-derived cells are present in the developing thymus, but rarely in this organ at a later
stage, suggesting that NC-derived cells may play roles in thymic organogenesis at an early embryonic
stage.

Introduction

Neural crest (NC) cells migrate and differentiate into a variety of
cell linsages such as melanocytes, neurons, glial cells, myofi-
broblasts, chondrocytes and osteoblasts (1-5). NC cells migrat-
ing in the pharyngeal arch are thought to participate in the
organogenesis of the craniofacial area, thyroid gland, heartand
thymus (6-10). The failure or aberrant migration and abnormal
distribution of NC cells result in a condition known as DiGeorge
syndrome. It is characterized by defective aortic arch pattern-
ing, a conotruncal heart, thymic and parathyroid aplasia/
hypoplasia including immunodeficiencies and craniofacial

anomalies (11. 12). These reports suggest that NC-derived
cells may contribute to thymic organogenesis. Using avian
systems, Le Douarin and her colleagues proposed the partici-
pation of avian NC cells in thymic organogenesis (4, 8). Using
Wnt1-Cre reporter mice, Jiang et al. reported that murine car-
diac NC-derived cells were detected around the thymus (13).
However, in the murine thymus, the distribution or potential for
differentiation of NC-derived cells has been rarely substantiated.
The thymus is composed of three major cell lineages, i.e.
hematopoietic cells {including T lymphocytes), epithelial cells
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that support T lymphocyte differentiation and mesenchymal
cells surrounding the thymus (6, 14, 15). Experiments using
chick and quail inter-species chimeras indicate that NC-
derived cells differentiate into inter-lobular and outer thymic
mesenchymal cells but not into hermnmatopoistic cells or thymic
epithelial cells (7, 8). Furthermore, ablation of NC cells by the
microcautery of neural folds induces thymic abnormalities that
reduce the numbers of hoth mesenchymal and epithelial cells
(16, 17).

In this study, we employed the expression of the myelin
protein zero (PO) gene, an indicator of NC-derived cells
(18-21), and we chased NC-derived cells and assessed
their presence, distribution, expression of adhesion molecules
and potential in the murine thymus. It has been thought
that melanocyte precursors might be distinct from neuronal
and glial cell precursors or lose the potential to differentiate into
neuron or glial cell lineages before or soon after the initiation
of NC cell migration (22--27). Therefore, the demonstration of
NC-derived cells that maintain the potential to differentiate into
not only melanocytes but also neurons and glial cells
would indicate the presence of NC-derived cells including
multipotent NC cells. To examine the potential of NC-derived
cells in the thymus, we developed a colony formation assay
using single thymic cells incubated in the presence of
endothelin 3 (ET3). ET3 is known to promote the survival and
differentiation of not only melanocytes but also glial cells in
avian cultures (28-30). Using these two types of analyses, we
showed that at least double- or triple-potent NC-derived cells
exist during early thymogenesis, and observed a severe
reduction in their number at the late embryonic stages of
thymus development in mice.

Methods

Mice

Mice carrying Cre recornbinase driven by the protein 0 (P0)
promoter were produced as described {19), and Rosa26R
mice were obtained from Kumamoto University (18). C57BL/6
mice were purchased from Japan Clea (Tokyo, Japan).

Determination of genotypes of transgenic mice

Genomic DNA was prepared, and transgenes were detected
by use of PCR. The respective sense and anti-sense primers
used for PCR were as follow-—LacZ 5'-GGT AGC AGA GCG
GGT AAA CT-3'/8'-ATC TGA CGG GCT CCA GGA GT-3" and
Cre: 5'-GGACAT GTTCAG GGATCG CCAGGC G-3'/5'-GCA
TAA CCA GTG AAA CAG CAT TGC TG-3'. PCR was per
formed by incubation at 34°C for 4 min, followed by 35 cycles
of incubation at 83°C for 1 min, 58°C for 1 min and 72°C for
1 min and a final extension at 72°C for 7 min.

Histological analysis

For detection of LacZ activity, whole embiryos and tissues were
fixed in PBS solution (pH 7.4) containing 2% formaldehyde
(Wako), 0.2% glutaraldehyde (Wako) and 0.02% NP-40
(Sigma). After washing, samples were stained with a solution
containing Bluo-Gal (GIBCO-BRL.) in NN -dimethylformamide
(Wako) until the desired color intensity had been obtained. For
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preparation of tissue sections, thymi were embedded in
a polyester wax (BDH Laboratory Supplies). Sections were
prepared at a 7-pm thickness, and stained with hematoxylin
and eosin.

Fluorescein di-g-p-galactopyranoside loading and

flow cytomelric analysis

Single-cell suspensions from thyrmi of embryonic day (E) 12.5
to 3.5-day-old mice were prepared by digestion with collage-
nase D (Roche), Dispase Il (Roche) and trypsin/EDTA (GIBCO-
BRL). Fluorescein di-B-o-galactopyranoside (FDG) staining
was carried out essentially as described (31). To reduce
background fluorescence, we incubated the cells in FDG
staining medium [4% fetal bovine serum (FBS; JRH)/10 n
HEPES (pH 7.3)/PBS] containing 1 mM chloroquine for 30 min
at 37°C, 5% CQ,. Cells were then loaded with FDG (Molecular
Probe, Eugene, OR, USA) by osmotic shock. Briefly, after the
cells had been allowed to equilibrate in a water bath at 37°C for
10 min, an equal volume of pre-warmed 2 mM FDG in sterile
water was rapidly mixed with the cell suspension. After exactly
2 min of incubation at 37°C, the FDG {oading was stopped; and
cells were suspended in ice-cold staining medium containing
10 pg mi~" propidium iodide for 5 min at 4°C. Then, cells were
blocked with rabbit serum, and stained with biotin-conjugated
rat anti-mouse mAbs against C045 (30-F11; BD PharMingen)
and integrins ad (P/5-2; a gift from K. Miyake, Tokyo University),
ab (BH10-27; BD PharMingen), aV (RMV-7; BD PharMingen},
B1 (KMI-6; a gift from K. Miyake, Tokyo University) and $3
(2C9.G2; BD PharMingen). The stained cells were further
incubated with A-PE-labeled streptavidin (Southern Biotech
Associate, Inc.). The stained cells were analyzed by using an
EPICS-XL flow cytometer (Coulter).

Induction of melanocytes from thymic cells

Single-cell suspensions from thymi of E12.5 to 3.5-day-old mice
were prepared as described above. The prepared cells were
inoculated into 24-well plates (Corning Costar) with ST2 stromal
cells (32}, and cultured in o-MEM (GIBCO-BRL) containing
10% FBS (Hyclone), supplemented with the following reagents:
107" M dexamethasone (DEX, Sigma), 40 nM human recom-
hinant ET3 (Peptide Institute) and 1 nM BQ788, an antagonist of
endothelin receptor B (ETR-B; Phoenix Pharmaceuticals, Inc.).
Cultures were fed every third day by replacing the medium with
2mlotfreshmedium. After 3weeks, the cells were harvested by
treatment with 0.25% trypsin/EDTA, and the number of melano-
cytes was counted.

Induction of melanocytes, neurons and glias in
thymic clonal cell cultures

Thymic cell suspensions from £14.5, E15.5and E17.5 embryos
were prepared as described above. Then, 1-2 x 10° cells
were inoculated into six-well plates {(Corning Costar) with 3T2
stromal cells (32), and cultured in «-MEM supplemented with
10% FBS, 1077 M DEX. 40 nM human ET3, 1 nM heregulin
(Phoenix Pharmaceuticals, Inc.) and 1 nM forskolin (Phoenix
FPharmaceuticals, Inc.) for the simultaneous induction of
melanocytes, neurons and glia. Cultures were fed every third
day by replacing the medium with 2 ml of fresh medium. After
the cells had been cultured for 14 days, they were stained



with LacZ to confirm the presence of NC-derived cells and
with specific antibodies fo identify the types of colonies. For
detection of LacZ activity, the cells were fixed in PBS solution
{pH 7.4) containing 0.25% glutaraldehyde. After having been
washed, they were stained with a solution containing Bluo-Gal
(GIBCO-BRL) in N.N'-dimethylformamide for 8 h.

Antibodies and immunohistochemistry

On serial days after induction of the differentiation of thymic
cells, the cultured cells were stained separately with the
pelyclonal rabbit anti-mouse dopachrome tautomerase (Dct)
antibody (provided by V. Hearing; Laboratory of Cell Biology,
National Institutes of Health, Bethesda, MD, USA; 33) or with
the following mAbs: rat anti-mouse nerve growth factor
receptor p75(p75) (AB-NQO2; ATSBIO, Inc.), mouse anti-mouse
B-tubulin 111 {(TUJI; Babco), mouse anti-porcine glial fibrillary
acidic protein (GFAP) (GA-5; Neornarker, Inc.), rat anti-mouse
erythroid lineage cells (TER119; PharMingen} or mouse anti-
human HLA-DQ (Neomarker, Inc.). The cultured cells were
fixed with 2% PFA. After a washing, the endogenous per-
oxidase activity was blocked with 0.3% hydrogen peroxide.
and the cells were then incubated with the first antibody. The
bound antibody was visualized by subsequent incubation with
biotin-conjugated goat antibodies against mouse, rat or rabbit
lgG followed by streptavidin-HRP (HistoMark™ Streptavidin-
HRP Kit). After having been washed, the cells bearing immuno-
complexeswere visualized by using a Diaminobenzidine Reagent
Set (Kirkegaard and Perry Laboratories, Inc.).

Statistical analysis
Data were presented as mean = SD. Statistical significance
was assessed by using Student's +est.

Resulis

Tracing NC-derived cells in the fetal thymus by using the
PO-Cre/Rosa26R mouse system

To assess the presence of NC-derived cells in the thymus, we
constructed mice carrying the Cre gene under the control of the
PO promoter (PO-Cre), which expresses the Cre gene in the
NC cell lineage (19). Crossing PO-Cre mice and RosaZ&R
mice, which carry LoxP-LacZ sequences, enabled us to trace
NC-derived cells that had expressed the PO gene as LacZ-
expressing cells. LacZ" cells were detected in organs in-
cluding the mandible and heart, in which NC-derived cells were
previously reported to be present, and in the thymus of £14.5
PO-Cre/Rosa26R double-transgenic (Tg) embryos (Fig. 1B).
However, no LacZ® cells were detected in age-matched
Rosa26R embryos that did not carry PO-Cre Tg (Fig. 1A).

Termporal differences in the presence of NC-derived cells

in the thymus

To clarify the spatial and temporal presence of NC-derived
cells in the developing thymus, we stained PO-Cre/RosaZ6R
mice or RosaZ6R mice from E11.5t0 E18.5for LacZ. As shown
in Fig. 2, large numbers of LacZ* (NC-derived) cells were
detected in E11.5, E12.5, E14.5, E15.5 and E16.5 thymi. but
these cells were rarely detected in the thymus beyond E17.51n
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Fig. 1. Presence of NC-cerived cells n the fetal thymus. Cells that
expressed the PO gene were detected by staining of £14.6 PO-Cre/
Rosa26R double-Tg mice for LacZ (B). LacZ” celis were present in
the thymus {arrow) as well as in the {ace and heart (arrow head). No
LacZ™ cells were present in any tissues of age-malched Rosal6R-Tg
mice (A).

PO-Cre/Rosa26R embryos. As NC-derived cells were still
detected in the heart and craniofacial region of E18.5 PO-Cre/
Rosa26R embryos, the present duration of NC-derived cells in
the thymus might be distinet from that in other organs (Fig. 2B).

To confirm the results obtained by LacZ staining, we
performed flow cytornetric analysis using FDG, which allows
LacZ™ cells to be detected as living cells. Approximately 15%
of the total thymic cells on E14.5, but only 2% on E18.5, were
LacZ” cells {Fig. 3A). These results agree with the data on
whole-mount embryos stained for LacZ and suggest that the
number of NC-derived cells decreased in the developing
thymus as it became older. Furthermore, we could rarely
detect NC-derived cells in the post-natal thymus (data not
shown).

Spatial distribution of NC-derived cells in the thymus

To assess the distribution of NC-derived cells in the thymus,
we prepared E14.5 and E18.5 thymic sections and stained
them with hematoxylin and eosin and for LacZ. In E14.5
sections, the fetal thymus was surrounded by LacZ* NC-
derived cells (Fig. 3B). The region containing LacZ* cells
corresponded to that of mesenchymal cells surrounding the
thymus. However, only a few NC-derived cells were present in
the E18.5 thymus, and their location was restricted to marginal
sites close to the heart (Fig. 2B").

One-third (32%) of E13.5 total thymic cells were NC-derived
ones (Fig. 3C, left graph). To assess the distribution of NC-
derived celis at the marginal sites of the thymus, we treated
E13.5 thymi with Dispase 1l to divide them into the mesen-
chymal and epithelial regions. It is known that digestion with
Dispase Il keep the basement membrane intact. Single-cell
suspensions were then prepared from each region, and flow
cytometric analysis was performed on them. When we used
cells from the mesenchymal region surrounding the thymus,
nearly half of the cells expressed LacZ. In contrast, the
proportion of NC-derived cells was decreased in the popula-
tion from the epithelial region (Fig. 3C). These results suggest
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Fig. 2. Presence of NC-derived ceils in the fetal thymus from E11.5 lo E18.5. The thymi of E11.5 to E18.5 Rosa26R- Ty [A, A’ (magnified)] and PO-
Cre/RosaZ6M double-Tg [B, B'(magniied)} mice were stained for LacZ (red arrows). Large numbers of LacZ™ NC-derived ceils were delecled in
the PO-Cre/RosaZ6R double- Tg thymus; hawever, their number was reduced beyond E17.5. The arrows in (A} and (B) and the arrowheads in (A')

and (B’) point to the thymus.

that a majority of the NC-derived cells were distributed in the
mesenchyme surrounding the thymus, although a few of them
had invaded the thymic epithelium.

Characterization of NC-derived cells in the fetal thymus

To characterize NC-derived cells in the thymus, we examined
the expression of adhesion molecules on NC-derived cells of
PO-Cre/Rosa26R mice using flow cytometric analysis. First, we
examined the expression of CD4b on E13.5 mesenchymal
cells surrounding thymi. LacZ® cells rarely express CD45,
indicating that NC do not contribute to hermatopoietic cells in
the thymus (data not shown). A majority of LacZ" cells in the
E13.5 mesenchymal cells surrounding thymi express integrin
ab, oV, B1 and B3, and half of the LacZ” cells express integrin
a4 (Fig. 3D). However, larger numbers of LacZ-negative cells
also express these molecules on the cell surface (Fig. 30D). Itis
known that mesenchymal cells are derived from both NC cells
and mesodermal cells. These results may suggest that it is
difficult to distinguish NC-derived mesenchymal cells from
mesoderm-derived mesenchymal cells by the expression of
adhesion molecules such as integrin family.

Presence of cells with the potential to differentiate into the
melanocyte lineage in the fetal thymus

Itis thought that melanocyte precursors might be distinct from
neuronal and glial cell precursors or lose their potential to
differentiate toward neuron or glial cell lineages before or soon

—-2b6-

after the initiation of NC cell migration (24, 26). in fact, mature
pigmented melanocytes are not normally present in the
thymus. I NC-derived cells in the thymus give rise to
melanocytes, they may be multipotent celis before committing
to the melanocyte lineage. Therefore, to assess the potential of
NC-derived cells in the murine thymus, we first investigated
whether these cells could differentiate into melanocytes. Cells
from C57BL/6 wild-type fetal and neonatal thymi were cultured
on 8T2 stromal cells with ET3 and DEX for 3 weeks (34).
Pigmented melanocytes could be induced from E12.5, E14.5
and E15.5, but not from E18.5 or 3.5-clay-old thymi (Table 1,
Fig. 4A). In cultures of E14.5 thymic cells, the number of
melanocytes was significantly decreased in the presence of
BQ788, an antagonist of ETR-B (Fig. 4A).

Subsequently, using thymic cells from PO-Cre/Rosa26R
double-Tg mice or RosaZ6R mice, we performed melanocyte
induction by using the same experimental protocol. Large
numbers of colonies in the cultures from PO-Cre/Rosa?6R
double-Tg mice consisted of LacZ™ cells, and the majority of
the cells with melanin granules expressed LacZ (Fig. 4C),
whereas the Rosal6R cultures contained pigmented celis, but
none was LacZ” (Fig. 4B). Therefore, almost all cells that
differentiated into melanocytes had expressed the PO-Cre
gene. The frequency of LacZ” cells forming colonies with
pigmented melanocytes was ~1 per 10 thymic cells (Table 3).
Thus, a small but significant number of NC-derived cells in the
fetal thymus were able to differentiate into melanocytes. The
period when LacZ® cells were present in the fetal thymus was



Neural crest-derived cells in the developing thymus 553

C  Epitheliums
E14.5 £18.5 Mesenchyme Epithalium  Mesenchyrme
“@ “ T
g 8
5 5 32.5% 48.9%
o .1 0/ 5_'
=z z
DG (LacZY) FOG {LacZ?)
D ) fnt eV ntpl g3
0.3% | 2.4% ' : ;

Rosal&R

PO-Cre /

RosadR

B.E%

oo

Py

EDG {LacZ?)

Fig. 3. Flow cytomelric analysis of NC-derived ceiis in the thyraus using FDG. (A) Ceiis from £14.5 or £18.5 thymi of PO-Cre/Rosa26R mice or
Rosaz6R mece were dissociated, and fiow cylometric anaiysis was performed on the dissociated ceils. Sections of E14.5 (8) and £18.5 (data not
shown) thymi of PO-Cre/Rosa26R coubie- Tg mouse were stained for LacZ and also stained with hematoxylin and eosin. LacZ* cells were presentin
the area surrounding the thymus (B: arrowhead). No LacZ™ celis were observed in the thymi of Rosa26R mice (data not shown). Next, E13.5 thymi
were divided into mesenchyme and epithelium by treatment with Dispase 11, {C) Cells from mesenchyme, epithelium and bolh were dissociated
inlo singie cells, and flow cytometric anaiysis was then performed on them. (D) The expression of adhesion molgcules such as a4, a5, oV, 1 and B3
integrins on the mesenchymal ceils surrounding thymi of E13.5 PO-Cre/Rosa26R mice. First, cells were slaine¢ with FDG 1o delect

NC-derived cellg, and then stained with antibodies against inlegrins.

mostly consistent with that when melanocyte precursors were
present (Table 1). These resuits further confirm that LacZ* cells
in the thymus of P0-Cre/Rosa26R mice are derived from NCs.

Next, to detect immature melanocyte lineage cells, we
stained cultured cells with an antibody directed against Dct,
which is specifically expressed on melanocyte precursors or
‘relanoblasts’ (33). Both Dct™ melanoblasts and pigmented
melanocytes were induced in the presence of ET3 and DEX
(Fig. 4G), but neither of these types of cells was induced with
DEX only (Fig. 4D and E). As neither Det* cell (data not shown)
nor pigmented melanocyte was detected in the E14.5 thymus,
NC-derived cells prior to expressing the Dct gene might be
stimulated by mainly ET3-ETR-B signaling to give rise to Dot*
melanoblasts and pigmented melanocytes.

Presence of NC-derived cells in the fetal thymus with the
potential to differentiate into mutti-lineage cells

To determine whether NC-derived cells with the potential to
differentiate into lineages other than the melanocyte lineage
were present in the fetal thymus, we performed in vitro colony
assays in the presence of ET3 with or without hereguiin and
forskolin, which strongly direct the differentiation of NC cells
toward the glial cell lineage (35). Single cells from C57BL/6
thymi profiferated and formed a colony on day 14 of culture.
The colonies from E14.5 or E15.5 thymic cells were charac-
terized by the expression of p75 (a neuron and/or glial marker),
B-tubutin 11l {a neuron-specific marker) or GFAP (a glia-specific
marker) {Fig. ). In some experiments, colonies were stained
with a mixture of three antibodies against p75, 8-tubulin Il and

Table 1. Induction of melanocytes from fetal and post-natal
C5H57BL/6 thymi in culture

No. of melanceyte-containing cultures/No. of
cultures examined

E14.5
2/42

Cells from
++

E12.5

2’/ 54

E15.5
4/8

£18.5
0/6

D3.5
0/6

Two hundred thousand cells from fetal o 3.5-day-old (03.5) thymi of
C57BL/6 (+/+) mice were cultured with ST2 cells in the presence of
ET3 and DEX. After 3 weeks, pigmented meianocyles were observed
under a light microscope.

ASeveral thymic lobes were mixec and cultured in the case of £E12.5
and E£14.5 embryos to abtain 2 X 10° thymic ceils, while only a pair of
thymic iobes were cuitured in the case ol embryos from E15.5 or
thereafter, Similar results were obtainec in another indepencent
experiment,

GFAP (Fig. 5G and H). Colonies lacking both pigmented
melanocytes and cells stained with antibodies directed
against neurons and/or glias were omitted from the counting.

We identified three types of colonies: (i) pigmented
melanocytes with melanin granules but no celis expressing
neuronal or glial cell markers (named melanocyte colonies,
Fig. 5A), (i) p75* (Fig. 5B), B-tubulin 1" or GFAP* cells (data
not shown) but no metanocytes (neuron and/or glial colonies)
and (iii) melanocytes and p75™ (Fig. 5C), B-tubulin 1™ (Fig. 5D)
or GFAP* cells (Fig. 5E) or cells stained by any three of the
antibodies (Fig. 5H) (mixed colonies). As shown in Table 2,
4.5% (1 of 23 total colonies generated) of the colonies from

~256-



554 Neural crest-derived cells in the developing thyrmus

A DEX
DEX/ETS -
DEX/ETHRQT788 1

13

1 ¥ )
0 1,000 2,000 3,000 4,000
No. of melanocytes/walt

Fig. 4. Presence of cells wilh the potential fo differentiate nto
melanocytes in the E14.5 thyrnus. (A) C578U6 E14.5 fetal thymic
celis (2 X 107 per wett) were culturec on ST2 stromia celis with DEX,
DEX plus ET3 or DEX plus ET3 pius BQ788 for 3 weeks. The nurnber of
pigmented melanocyles (black cells) was then counted. Dala are
expressed as the mean + SD of Iriplicate cullures. Aslerisk incicates
ihose significantly different from cullures with DEX + ET3 (P < 0.08).
Next, E14.5 thymic cells from PO-Cre/Rosa26R double-Tg (C) and
RosaZ6R-Tg (B) mice were culturec in the presence of ET3. After 14
days, the cuitured cells were stained for LacZ. The FO-Cre/RosaZ68-
Tg cultures contained ceils that were both pigmented (black) and
LacZ™ (blue) [C, C'(magnified), arrows], whereas the HosaZ6R
cultures contained pigmented cells, but none was tacZ* [B,
B'{magnified); arrows]. Cuitured cells reated with DEX (D, E) or wilh
DEX + ET3 (F, G} were slained with rabbil anti-Dct antbody [E, G,
G'(higher magnification)} lo detect melanocyle precursors (melano-
blasts: arrows) or with rabbit serum (D, F) as a controi,

fetal thymi were p75™ neuronal and/or glial colonies without
melanocytes (Fig. 5B). Approximately 79% of the colonies from
thymic cells (18/23) were melanocyte colonies, and 16% (4/23)
were mixed colonies (Table 2). The formation of these mixed
colonies of either melanocytes and neurons or melanocytes
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and glial cells thus indicate the presence of multipotent
NC-derived cells (5, 36-38).

Using PO-Cre/Rosa26R double-Tg mice, we confirmed that
the mixed colony-forming cells were NC-derived cells that
expressed the PO gene (Fig. 5H). In a single colony (Fig. 5F),
LacZ™ cells with melanin granules (arrows in Fig. 5H) and cells
stained by the mixture of antibodies directed against neurons
andfor glias (arrowhead in Fig. bH) co-existed. Pigmented
melanocytes did not express p75, B-tubulin it or GFAP (Fig.
5C~E and H). These results indicate that multipotent NC-
derived cells were present in the fetal thymus. In this culture,
half of the colonies were melanocyte colonies, as was the case
for cultures from wild-type mice, 16% of them were mixed
colonies containing both p75/B-tubulin/GFAP™ and pigmented
cells and 30% of the colonies were neuronal andfor glial
colonies containing p75/B-tubulin/GFAP* (Table 3).

NC-derived colony-forming cells were rarely detected in
the E17.5 thymus

We showed that multipotent NC-derived cells were present in
the E14.5 and E155 thymi (Fig. 5). When we assessed
whether multipotent NC-derived cells were present in the
thymus at late embryonic stages, few colonies were detected
in cultures fromthe E17.5 thymus (Fig. 51), confirming the rarity
of NC-derived celis in the thymus after E17.5, as shown from
the analysis of the PO-Cre/Rosa26R mice (Fig. 2).

Discussion

In this study, we showed that PO-Cre/Rosa26R mice were
useful to trace NC-derived cells not only in vivo but also in vitro.
Using these systems, we showed that NC-derived cells were
mainly present in the area surrounding the thymus during
E11.5 to £16.5 but were decreased in number beyond E17.5
and that NC-derived cells with the potential to differentiate into
melanocyte, neuron and glia cell lineages were detected only
during this same period.

Tracing NC-derived cells by using PO promoter sequences

There is no specific marker for murine NC celis, unlike the case
of HNK-1 for chickens and rats (39). Therefore, the promoters
of Pax3, Conexin43and Wnt1 genes have been used to detect
the cranial NC cells containing cardiac NC celis (13, 40, 41).
Pax3-LacZ and Conexind3L.acZ mice have provided the most
reliable markers for the study of cardiac NC cell fate. Using
mice bearing these markers, Waldo et al. detected NC cells in
the E14 heart and thymus, but the expression of these
transgenes was extinguished in mid- to late gestation (40}.
To trace the presence of NC-derived cells, we employed the
promoter sequence of the PO gene, which promotes expres-
sion in migrating NC cells. The PO promoter sequence-driven
Cre systern as well as the human plasminogen activator-Cre
system is useful for detecting not only cranial but also trunk
NC-derived cells (19-21, 42), whereas the Wnt? promoter
system allows the tracing of cranial NC cells only {(13). We
detected a large number of LacZ* cells inthe E12.51t0 E£15.5
thymi of PO-Cre/RosazZ6R mice, whereas the number was
significantly decreased in E17.5 thymi and thereafter. Flow
cytometric analysis confirmed the presence of LacZ” cells
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(~15%) in the E14.5 thymus and showed a significant re-
duction in their number (to ~2%) in the E18.5 thymus (Fig. 3).
This finding is not unique to PO-Cre/Rosa?6R mice, because
similar observations were made when Wnti-Cre/Rosa26R
mice were examined (13). These results indicate that NC-
derived cells contribute to thymic organogenesis and might
explain why no melanocytes were induced in the E18.5 thymi
of wild-type embryos (Table 1). However. a few NC-derived
cells were still present in the E18.5 thymus; thus, it remains
possible that they might have lost their potential to differentiate
into melanocytes.

Presence of multipotent NC-derived cells in

the fetal thymus

The melanocyte lineage has been thought to be derived only
from the migrating NC cells through dorsolateral pathways
(43). In contrast, posterior rhomhencephalic NC cells that
have migrated into posterior visceral arches have the potential
to differentiate into neuronal cells, but not into melanocytes (3).
Therefore, the commitment to the melanocyte lineage might
occur in an early differentiation phase (3, 23, 24, 27). However,
it is also reported that NC cells consist of heterogenous
populations with the potential for differentiation (3, 4, 27).
Therefore, there still remains the possibility that NC-derived
cells in the developing thymus have a potential to differentiate
only into melanocytes and neurons, or melanocytes and ghial
cells rather than multipotent NC-derived celis.

Recently, the presence of 'NC stem cells' that differentiate
into glial cells, neurons and myofibroblasts in the sciatic nerve
and gut of fetal rats was reported (5, 44). These stem cells were
identified based on their expression of p75 molecules but not
on that of other lineage markers for glial cells, neurons or
myofibroblasts. However, these studies did not demonstrate
the potential of these stem cells to differentiate into melano-
cytes. The culture conditions might not have permitted melano-
genesis, or, alternatively, the stern cells isolated might have
lacked melanogenic potential. In our culture system, we coutd
not detect multipotent NC-derived cells with the potential to
differentiate into myofibrablasts in the thymus. Qur culture
conditions might not have permitted such differentiation.

Fig. 5. Presence of muitipolent NC-derived cells abie to differentiale
into melanocyles, neuronal ancfor glial precursors :n the fetal thymus.
Colony formation by £15.5 (A-E) or £14.5 (F-H) felai thymic ceils was
induced by culturing the cetis on ST2 for 14 days in the presence of
ET3, DEX, heregulin and forskolin. Colonies were stainec with anti-p75
(A-C}, anti-B-tubulin (D), anti-GFAP (E)} or a mixture of anti-p75, anti-
B-tubutn I and ant-GFAP antihodies (F-H). Cells reactive with each
antibody are stained brown (arrowheads), anc black-pigmented celis
{arrows) are melanocytes. (F) An NC-derived mixec colony with both
melanocytes and neurons andfor glia ceis. s lacking both
pigmented melanocytes anc ceils stained by antibodies directed
against neurans andfor glia were omitted from the counting. NC-
derived cells were detected as LacZ” cells that had expressec FO-Cre
Tg by using FO-Crel Rosa26R-Tg mice (F-H). Higher magnifications of
the boxed regions in (G} and (H) are shown in (G') and (H),
respectively. Rat and mouse mAbs against irrelevant molecules were
used as controls, and no positive cails were observed in the coionies
(data not shown, see Methods). Two hundred thousand cells rom E165.5
or E17.5 (1) fetal thym! from C57BL/6 (+/+) mice were cultured and
stained as described. 'Mixed colonies’ contained both melanocyles
and p75” cells. This graph shows the number of colonies per 108 ceils.
Similar resulls were oblained in another independent experiment.

m
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Table 2. Detection of melanocytes, neurons and/or glias in the
colonies from fetal thymic celis

Colony type No. of coloniesf2 X 10° thymic celis

++
Totai colonies 22.7 + 6.7 (100%)
Meianocyte colonies 18.0 + 4.4 (79%)
Neuronal and/or giiai coionies 1.0 £ 0.7 (4%)
Mixed colonies 3.7 + 1.5 (16%)

Two hundred thousand celis from £15.5 felal thymy from C57BL/6 (+/+)
mice were cuitured on ST2 in the presence of ET3, DEX, heregulin
and forskolin. After 14 days, the ceils were stained with anli-p75 mAb
to ident:fy the type of colonies (see caption of Fig. 5). A 'mixed colony’
means that the colony contained both meianocyles and p75™ ceils.
Similar resulits were obtainec in another indepencent experiment.

Table 3. Detection of melanocytes, neurons andfor glias in the
colonies from PO-Cre/Rosa26R E14.5 thymic cells

No. of LacZ*colonies/1 X 10°
thymic celis

Colony type

Total colonies 11.1 = 5.3 (100%)
Melanocyte colonies 5.6 = 2.7 (50%)
Neuronal anc/or giiai colonies 3.4+ 1.4 (31%)
Mixed colonies 1.7 + 1.9 (16%)
Others 0.4 *+ 0.8 (4%)

One hundred thousand ceils from E14.5 fetal thymi from FO-Cre/
Rosa26R mice were cuitured on ST2 in the presence of ET3. DEX,
heregulin and forskolin. After 14 days, the ceils were stained with
a mixture of mAbs against p75/f-tubuiin [II/GFAP to identify the type
of colonies (see caption of Fig. 5). A 'mixed coiony’ means that the
colony contained both melanocytes and p75/B-tubuin IVGFAP* cells.
The designation 'others’ means LacZ™ colonies melanocytes or p75/p-
tubulin III/GFAP™ cells. Similar results were obfained in anolher
independent experiment.

Although large numbers of NC-derived cells were present in
the thymus, they were rarely stained by specific antibodies
directed against neurons, glias or melanocytes (data not
shown). The majority of cells that expressed PO may have
differentiated into cells of other lineages. or may have
remained multipotent. The absence of melanocytes, neurons
and glias in the normal thymus may result from the lack of
proper microenvironmental factors for differentiation into these
lincages. Here, we assessed only three cell lineages, namely
melanocytes, neurons and glias. Analysis of additional cell
lineages may reveal the precise roles of NC-derived celis in the
thymus.

NC-derived cells and thymic organogenesis

The thymus is composed of both mesenchymal and epithelial
cell components (6, 15). The thymic epithelium and mesen-
chyme are thought to be derived from the endoderm andfor
ectoderm, and the mesoderm and/or NC cells, respectively
(45-47). Thymic organogenesis is divided temporally into
three stages, i.e. early (£9.5-E11), middle (E11.5-E156) and
tate (E15.5 to birth) (48). The early-stage-initiating thymic
organogenesis is thought to be regulaied by interactions
between epithelial and mesenchymal cells (49-51).
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in the middle stage, the patterning and initial epithelial
differentiation occur in thymic rudiments, and T lymphocyte
progenitors immigrate there (52-54), NC-derived cells are
known to contribute to blood vessel formation, and they
differentiate into pericytes surrounding vascular endothelial
cells derived from the mesoderm (4, 55). Although in the
middle stage, blood vessels have not yet formed in the
thymus, mesenchymal cells surrounding the fetal thymus
express the adhesion molecules that control migration and
homing of hematopoietic cells. NC-derived cells are already
present in the £11.5 thymus, meaning that cells of this lineage
migrate into the thymus before hematopoietic cells. As shown
in this study, NC-derived cells are mainly detected in the
mesenchymal region surrounding the thymus, suggesting that
NC-derived cells might help the immigration of T lymphocyte
progenitors into the thymus (6, 8, 56).

Furthermore, we showed that integrin family members, such
as integrin a4, ab, «V, 1 and (3 (Fig. 3), and CD44 (data not
shown) were expressed on the cell surface of LacZ" cells (NC-
derived cells) in the thymus. Previously, it was reported that
signals via interaction between integrin receptors on mesen-
chyme and T progenitors are important for immigration of T
progenitors into the thymus (57-59). These data suggest that
NC-derived cells might play an important role in the
immigration of T progenitor cells. Approximately 60% of the
mesenchymal cells surrounding the E13.5 thymi express
PDGFRa. and 70% in these PDGFRa" cells are LacZ' cells
(derived from NC-derived cells) (H.Y., unpublished data).
PDGFRa* cells are known to be important for thymic
organogenesis because the mutation of this gene results in
abnormalities of both the thymus and the heart (60, 61). As
PDGFRa is expressed on both mesoderm-derived cells and
NC-derived ones (62), it is not clear whether PDGFRat NC-
derived cells are important for thymic organogenesis (62).

NC-derived cells and the late stages of thymic
organogenesis

In the late stage, thymic epithelial cells have acquired the
functional competence for supporting T lymphocyte develop-
ment. Inthis stage, NC-derived cells are rarely detected, and T
progenitors immigrate into the thymus through blood vessels
in the cortical-medullar junction (63), suggesting that NC-
derived cells might not be required during this stage. It is
thought that these blood vessels are derived from the
masoderm and not from NC-derived cells. Petrie proposed
that NC-derived cells have a minor role in thymic organogen-
esis after hirth because few NC-derived cells were observed
in the Wnt1-Cre/Rosa26R thymus at that time (13, 64).

Le Douarin and Jotereau (8) reported that avian NC cells
contribute o thymic connective tissues, which are especially
located in interfobular sites in the cortex and lining blood
vessels in the cortex and medulla of the gland (65).
Considering these previous reports, thymic NC-derived cells
might likely be considered to be detected in the thymic cortex
and medulla of murine embryos at a late stage. However, in
E17.5 and E18.5 PO-Cre/RosaZ6R mice as well as in Wnt1-Cre/
Rosa26R mice, only a few NC-derived cells were present, and
their location was restricted to the epithelial marginal sites of
the thymic lobes (Figs 2 and 3). However, the possibility



cannot be ruled out that these promoters might not label NC
cells completely. Alternatively, NC-derived cells that do not
express PO or Wnt! might contribute to the thymic organo-
genesis at late embryonic stages. The roles of NC-derived
cells may not be identical in avian and murine systems.

Conclusions

In this study, to assess both spatially and temporally the
presence and the potential of NC-derived cells in the thymus,
we traced NC-derived cells and developed a colony formation
assay system. It is likely that NC-derived cells in the thymus
retain multipotency, but are only present during a restricted
period of thymogenesis.

in the heart and craniofacial area, NC-derived cells are
continuously present and contribute to the organogenesis
from the embryonic stage to adult life (13). However, the fact
that NC-derived cells are only present in the thymus of early
embryos may indicate the existence of an as yet unknown
system that contributes to the organogenesis. Further studies
using our system will yield important information on the role of
NC-derived cellg in thymic organogenesis.
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Abbreviations

Dot copachrome tautomerase
DEX dexamethasone

E embryonic cay

ET3 endotheiin 3

ETR-B endothelin receptor B

FBS felal bovine serum

FDG fiuorescein di-p-o-gaiactopyranos:ce
GFAP gial fibrillary acidgic protein

HNK Human natural kiiler

NC neural crest

FO myeiin protein zero

n75s nerve growth factor receptor p75

Tg transgenic
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ABSTRACT

We established the mutant mouse line, B6;CB-Sko» %2056 (Sl through gene-trap mutagenesis in
erubryonic stem cells. The novel gene ideatitied, called Sickle tail (Skt), is composed of 19 exons and en-
codes a protein of 1352 amino acids. Expression of a reporter gene was detected in the notochord during
embryogenesis and in the nucleus pulposus of mice. Compression of some of the nuclei pulposi in the
intervertebral discs (IVDs) appeared at embryonic day (E) 17.5, resulting in a kinky-tail phenotype showing
defects in the nucleus pulposus and annulus fibrosus of IVDs in Sk*/™ mice. These phenotypes were dif-
ferent trom those in Danforth’s short tail (Sd) mice in which the nucleus pulposus was totally absent and
replaced by peripheral fibers similar to those seen in the annulus fibrosus in all IVDs. The Sk gene maps
to the proximal part of mouse chromosome 2, near the Sd locus. The genetic distance between them was
0.95 cM. The number of vertebrae in both [Sd +/+ Skt] and [Sd Sk/+ +] compound heterozygotes was
less than that of Sd heterozygotes. Furthermore, the enhancer trap locus Ef47 which was previously

reported to be an allele of Sd, was located in the third inton of the Skt gene.

HE notochord is an integral component of the
axial structure of vertebrates, functions as a signal-

ing center during embryogenesis, and plays essential
roles in patterning of both somites and the neural tube
(AnG and RossanT 1994; WiLsonN ¢ al.1995; CHIANG
el al.1996). In addition, the notochord has major roles
in vertebral column formation. In the mouse, the noto-
chord is a continuous rod of constant diameter ex-
tending from the hypophysis to almost the tip of the tail
at embryonic day (E) 9.5. At E10.5-E11.5, signals from
the notochord induce the migration, proliferation, and
fusion of the sclerotome to form a continuous and
unsegmented perichordal tube around the notochord
and neural tube. At 12.5, mesenchyme acquires a char-
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acteristic metameric pattern of densely packed areas
caudally and loosely packed areas cranially. Some densely
packed cells move cranially and give rise to the annulus
fibrosus of the future intervertebral disc (IVD). The re-
maining densely packed cells fuse with the immediately
caudal loosely packed cells to form the cartilaginous
primordia of the vertebral bodies. Notochord cells located
in the vertebral body of cranial regions start to relocate
into intervertebral regions (PaAvora et al. 1980; Rural
et al. 1995; Aszopl et al. 1998). At E13.5, the vertebral
regions are enlarged and chondrified. Tlu, notochord
proliferates and undergoes hypertrophy to form the ge-
latinons center of the intervertebral disc, called the
nucleus pulposus. This nucleus is surrounded by the
circularly arranged fibers of the annulus fibrosus. These
two structures together constitute the VD (LANGMAN
1969; Trewer 1988). At E14.5, nearly all chondrocytes
are hypertrophied. Starting from E14.5, the annulus
fibrosus can be subdivided into a fibrous outer annulus
and a cartilaginous inner annulus. At £16.0, notochord
cells complete relocation from vertebral regions into
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intervertebral regions. Failures in somite, neural tube,
and notochord formation are closely correlated with
vertebral malformations. However, the mechanisms that
underlie the formation of IVDs are largely unknown.

In the mouse, several mutations are known to affect
the formation of the vertebral column due to functional
defects in the notochord, including Danforth’s short tail
(Sd) and the enhancer trap line (Et4”). Sd, located on
chromosome 2 (LANE and BIRKENMEISER 1993; ALFRED
et al 1997}, is a semidominant mutation affecting the
development of the vertebral column and the urogen-
ital system (DunN ef al. 1940; GRUNEBERG 1953, 1958).
At £9.5, the notochord shows discontinuities. At E11.5,
mesenchymal organization around the notochord is ab-
normal. At E13.5, the notochord is fragmented and
does not show proliferation and dilatation. Chondrifi-
cation is much reduced in vertebral regions. Thus, an
early reduction of the notochord results in cellular
degeneration in the sclerotome, leading to reduced
vertebral bodies and a characteristic short tail due 1o a
reduced number of caudal vertebrae. Homozygous 8d
animals show a similar but much more severe tailless
phenotype. In the enhancer trap line, Etl4*/, a reporter
(lncZ) gene was inserted near the Sd locus and was ex-
pressed in the notochord, mesonephric mesenchyme,
and apical ectoderm ridge (GosSLER et al 1989; Korn
et al. 1992; MAATMAN @ al 1997; ZacKHGOo o al 1998).
Etl4* homozygotes exhibited kinks in the caudal re-
gion of their tails and a synergistic genetic interaction
between Eil4** and Sdwas observed. Genetically, Etl4"*
and Sd are separated by 0.75 cM. Interestingly, at-
tenuation or enhancement of the §4 phenotype was
observed when the Ed4*” insertion was in a cis- or irans-
conformation, respectively. This suggests that Ez/4*7 is
an allele of Sd, presumably by trapping a csregulatory
element of the Sdgene, and that Sdis a gain-offunction
mutation (ZAcHGO el al. 1998). Nevertheless, neither the
ciselement nor the wapped gene has been identified.

In this study, we report a new mutantmouse line, Skf%,
obtained by gene-trap mutagenesis in embryonic stem
(ES) cells. Sk#“"“ mice exhibit a kinky tail in the caudal
vertebral columns due to malformation of the TVDs.
The geneidentified, Sickle tail (Skt), was expressed in the
notochord, its derivative nucleus pulposus, and in the
mesonephros. Interestingly, the Skigene maps to the prox-
imal part of mouse chromosome 2, near the locus for Sd,
and the lacZ insertion site in Efl4"” was found to be lo-
cated in the third intron of the Sktgene. Furthermore, a
curmnulative effect of the Skt mutation on the Sd mutant
was observed.

MATERIALS AND METHODS

Generation and genotyping of mutant mice: The gene-trap
method using the pU-8 trap vector was previously described
(Araki et ol 1999), Chimeric mice were produced by the ag-
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gregation method using ES gene-trap clones and morulas of
ICR (Charles River, Wilmington, MA) mice, and the chimeric
mice were mated with C37BL/6 (CLEA) females to obtain Fy
heterozygotes. Sd mice were purchased from the Jackson
Laboratory (Bar Harbor, ME) and propagated by in vitre fer-
tilization. Sd +/+ Ski" mice were generated by mating Sd+/+
+ mice {CH7BL/6 genetic background) to Sk mice with a
C37BL/6 genetic background. One heterozygote cartying the
Sd mutation and the Sk™ insertion on the same chromosome
(5d Ski%/ + +; cisconfiguration) was obtained through mating
hetween transheterozygotes and wild-type C57BL./6 mice. Sd
mice were distinguished by external inspection. Genotyping
for Skt alleles was done with PCR using il genomic DNA
as a template, For the wildype allele, the 5 primer, GTS
(5'-CCACCCCTACATGTGTCTTT-3"), and the 8 primer, GTA
(5 -CGAGTAAGTAACATCCCTCC3") located in the 14th in-
won, were used to generate a 339-bp wildype fragment. To
detect the trapped allele, the 3’ primenr, called ZI (5'-GCGTT
ACCCAACTTAAT(CG-3"), and the Z2 (5 TGTGAGCGAGTAA
CAACCCG-3") located in lacZ gene, were used to generate a
320-bp fragment.

Skeletal preparations: After tail skins were peeled off; tails
were fixed in Y5% ethanol for 3 days. Tails were cleared by
placing in 1% KO for 1 day and were stained in alizavin red
for 1 day until the bone was red. Excess stain was removed with
2% KOH. After removi ng excessive alizarin red stain, tails were
transferred to glycerol (Hocax et al 1994).

To count the number of vertebral bodies, we examined all
mice by X-ray photography. We counted the number of nor-
mal vertebral bodies, thatis, those without obvious malforma-
tions, but did not consider the size reduction observed in the
vertebral bodies of $d mutants.

Cloning of genomic DNA and ¢DNA: Plasmid rescue o
obtain flanking genomic DNA was perfortued as described
(ARAKT et al. 1999). The 5%-end of the cDNA of the trapped
gene was isolated by 5'-rapid amplificadon of <DNA ends (5'-
RACE) using the 5-RACE systemn (Invitrogen, Carlsbad, CA).
Total RNA from a B6; CB-Sk" 42/ 56 gene-trapped ES clone
was extracted by using Sepasol-RNA T (NACALATI TESQUE,
Kyoto, Japan), and then poly(A)-+ RNA was isolated with an
oligo(dT) column (Takara Biomedicals, Shiga, Japan). First-
strand ¢DNA synthesis from 1 pg of poly(A)+ RNA was per-
formed with reverse transcriptase from ReverScript (Wako,
Osika, Japan) and with the primer SA13 (5 -TCTGAAACT
CAGCCTTGAGC-3") in the splice acceptor (SA) sequence.
Afrer dGTP tailing with terminal deoxynucleotidyl ransterase
(Invitrogen), cDNA was purified using a QIAquick nucleadide
removal kit (QIAGEN, Chatsworth, CA). The inital PCR was
pertormed using the primer SAL0) (5"-AGCAGTGAAGGCTGT
GCGA-3") in the SA sequence and the anchor primer (5'-
GGCCACGCGTCGACTAGTACGGGHGGGHGGGHGE)  (In-
vitrogen). Then, nested PCR was pertormed using primer 63
(5"-GUTTGTCCTCTTTGTTAGGG-3') in the SA sequence and
the amplilication primer (5'-GGCCACGUCGTCGACTAGTAG3")
in the anchor priner sequence, Amplitied fragiments were
then sequenced directly by the dideoxy-chain termination
method using Big Dye terminator cycle sequencing (Perkin-
Elimer, Foster City, CA).

RT-PCR analysis: RT-PCR was performed using the Ther-
moscript RT-PCR systern (Invitrogen) according to the man-
ufacturer’s instructions. The PCR was performed using the
primers a-f'in the sense and antisense sequences in the Skigene.
The sequences of the primers used are as follows: primer-a,
5-TCACCATGAAGATGCTGGAGS ; primerb, 5-CTACAG
TAAGCACTCGCTGAC-3; primer-¢, 3" ACTCCTCAGCCTTG
ATGAAC-3"; primerd, 53 -GTGGTGGTAAGTCCTGATCCS,
primere, 5-GCCACCTTAAAGACACTAGG-3": and primert,
5" -TGAGGAGGAAGAGGTAGTAGS . The PCR conditions were
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94° for 1 min, 55° for 2 min, and 72°

of Taq polymerase for 30 cycles.

Northern blot analysis: Total RNA and poly(A)+ mRNA
isolated from ES cells and embryo and adult tissues were
electrophoresed on a 0.7% denaturing formaldehyde-MOPS-
conmining agarose gel and transferred to a positively charged
nylon membrane (Roche). After baking at 80° for 1 hr the
membrane was prehybridized and then hybridized using the
Skt genespecific RNA probes and the locZ RNA probes
prepared using DIG RNA labeling and detection kit (Roche).

Detection of B-galactosidase (lacZ) activities: Whole-mount

for 2 min using 0.5 units

X-gal staining was pertormed according to the method ot

ArreN ef al. {1Y88). Samples were fixed for 30 min at voom
temperatuwre in fix soluton [1% formaldehyde, 0.2% ghuar-
aldehyde, and 0.02% NP-40 in phosphate-butfered saline
(PBS)]. Fixed samples were washed two times in PBS and
incubated overnight at 30° in staining solution (5 mM po-
tassium ferricyanide, 5 mM potassinm terrocyanide, 2 mm
MgCly, 0.5% X-gal in PBS). Samples were rinsed twice in PBS,
posttixed in 4% paratormaldehyde, and made transparent
using benzylalcohol/benzylbenzoate (1:2) atter dehydration
with a series of ethanol steps (25, 50, 70, 100, and 100%. | hr
cach). Adult tissues were tixed in 4% paratormaldehyde in
PBS. Tissue sections of 10 pm were prepared and stained over-
night at 30° with X-gal in staining solution. After staining, sec-
tions were connterstained with Fast Red. For the section of the
intervertebral discs, after X-gal stained tuils were retixed in
3.7% formaldchyde/PBS, the caudal vertebral bones were
demineralized in Plank—Rychlo solution and embedded in
paraffin according to standard procedures. Sections of 8 pm
were prepared and counterstained with Nuclear Fast red.

Construction and transfection of the Ski expression vector:
To clone the full open reading frame (ORF) of the Skt gene,
RT-PCR was performed using the Thermoscript RT-PCR sys-
tem. The initial PCR was performed using the primer QRFS1
in the sense strand upstream from the start codon in the Skt
gene (3'- ACCGGAGTGGAGACTAGTTG-3') and primer ORFAL
in the antisense strand downstream from the stop codon in the
Skt gene (3 TGCATGAGGCCTTGAACGATACAG-3"). Then,
nested PCR was performed using the sense-strand primer
ORFS2 (5" TTTCTGCGAGCTTTCCGAACGS') and the antisense-
straud primer ORFA2 (5-ACCTTGGTCCTAATAGGATCTG
GC-3"). The PCR conditions used were 94° for 1 min, 58° tor
1 min, and 72° for 3 min using 1.0 unit of LA Taq polymerase
(Takara Biomedicals) for 25 cycles. The 4.1-kb PCR products
were cloned into the pGEM-T vector (Promega, Madison, WI).
This ¢DNA ORF was confirmed by sequencing and coned into
the pCAGGS expression vector (Niwa ef al 1991). Trans-
fection inio BMT10 cells (GErRaRD and GLuzMAN 1985H) was
carried out by the lipofection method using LipolectAMINE
reagent {(Invirogen).

Western blot analysis: BMT10 cells and 40 pieces of the
nucleus pulposus of candal IVDs of adult mice were homog-
enized in 2X sample bufter (100 my Tris HCLpH 6.8, 4% SDS,

~ kinky tail
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Fioure 1—(A) Tail phenotype of 8-week-old
mice. Sk roice had kinked tails compared to
wild-type, Sk**, and heterozygous Sd mice. (B)
Alizarin red whole-mount preparations of the
tails of 8-week-old mice. Sk mice confirmed
this kinky-tail phenotype. S4 mice showed de-
creased numbers of vertebrae with truncation
at the caudal vertebrae.

12% B-mercaptoethanol, 20% glycerol). Extracts were electro-
phoresed on 2 6.0% polyacrylamide gel, ransferred o a nitro-
cellulose filter (Imumobilon, Millipore, Bedford, MA), and
detected using ant-Skt antibodies with the ECL detection
systern (Amersham, Arlington Heights, 11).

Immunohistochemisiry: Tails were fixed in 4% parafornal-
dehyde in PBS. The candal vertebral bones were demineral-
ized in 0.24 M EDTA-2Ngu, 0.22 M EDTA4Na solution for 48 hr
and embedded in paratfin blocks. Sections of the TVDs were
immunostained with ant-Skt antibodies by the avidin-biotin
complex methed (Vector Laboratories, Burlingame, CA). Sec-
tions were counterstained with hematoxylin,

RESULTS

Generation of Sickle tail mutant mice: A gene-trap ES
clone was isolated by the exchangeable gene-trap method
using the trap vector pU-8 (ARAKT o al. 1999). We ob-
tained eight chimeric mice of which three were germ-
line chimeras. Heterozygous animals appeared normal
and were fertile. About half (35/66) of the homozy-
gotes, however, showed a peculiar kinky-tail phenotype
(Figure 1A and Table 1). This mutant mouse line was
designated as B6;CB-She™ 302 0 which Skt means
Sickle tail because of the characteristic shape of the tail.
Shortened and curved candal vertebrae were apparent
by the age of 2 weeks and were restricted to the 20-25th
caudal vertebrae (Figure 1B). In contrast, heterozygous
Sd mice showed short tails with truncation of vertebral
columns at the 6th caudal vertebral body on average
{Figures 1B and 7A) as reported previously. In Ski*7¢
mice, no other skeletal abnormality was observed by bone
X-ray examination (data not shown).

TABLE 1

Summary of genotyping of 4-week-old mice from Skt
heterozygote matings

Gt/ Gi

+/+ Gt/ + Kinked Normal®

GO 151 35 (73%) 51

“ All normal-looking homozygotes showed deformity of the
caudal discs by histological analysis,
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Froure 2—Identification of the wapped gene Sk (A) The nucdeotide sequence of the Skt ¢DNA and predicted amino acid se-

quence. The open box indicates the prorich region at the N terminus and the shaded box indicates the coiled-coil region in the
middle. The striped box indicates the sequence deleted in Sktb by alternative splicing. The 15-amino-acid peptide used for the pro-
duction of anti-Skt antibodies is shown by underlining. The polyadenylation signal is underlined at the 3-end of the nucleotide se-
quence. The nucleotide sequence is numbered on the left side and the amino acid sequence is numbered on the right side. (B)
Genomic stnucture of the Skt gene. (Top) Exon-intron structare of the Sickle tail gene. The trap vector, pU-8, was inserted into the
14th intron. Sizes of exons and introns are given. (Bottom) Two transcripts produced from the SAf allele. There are at least two types
of Skt transcripts: one contains all the exons (termed Skta) and the other lacks 23 bp of the 13th exon (teymed Skh). Arrows (a—f)
indicate the location of the primers used for RT-PCR analyses in Figure 3, A-C, to detect the expression of each part of the Skt tran-
scripts. The solid bar represents a probe used for Northemn blotting. The open and shaded hoxes indicate the pro-rich region and the
coiled-coil region, respectively. The start and stop codons of the Skt gene are shown by asterisks. A sequence with high homology to the
(3$3 in node/notochord enhancers is located in the fourth intron of the Ski gene 106 kb downstream of the insertion site of Eil47,

Characterization of the integration site of the trap Identification of the Sickle tail gene: To identify the

vector: To characterize the gene-trap locus, we cloned
and sequenced genomic DNA fragments flanking the
gene-trap vector. A single copy of the vector was inte-
grated into the genome as determined by Southern blot
analysis using genomic DNA samples extracted from Ske
mice. Three base pairs of genomic DNA were deleted
at the integration site of the frap vector. Using PCR ar-
plification on genomic DNA samples, the genotype of
offspring from the heterozygous intercross was easily
determined (data not shown).
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gene trapped, we performed 5'-and 3'-RACE. The se-
quence of the ORF of the trapped gene was determined
by compiling sequences of 5'- and 3"-RACE products and
of EST that showed 100% homology to the RACE prod-
ucts. We thus obtained a cDNA sequence comprising 5930
nucleotides (accession no. AB125594) that encodes a
putative protein of 1352 amino acids with a predicted
molecular weight of 147 kDa (Figure 2A). This gene was
termed Skt. The protein contains a proline-rich region
(amino acid residues 298-364) and a coiled-coil region



