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The cranial neural crest is a pluripotent mi- 
gratory cell population that plays a critical 
role in the construction of the vertebrate head, 
giving rise to the facial and visceral skeleton, 
most of the skull bones and connective tissue, 
and the neurons and glia of the peripheral 
nervous system (1-3). The highly conserved 
segmental organization of the vertebrate 
hindbrain into rhombomeres (4, 5) plays a 
key role in patterning the identity and path- 
ways of neural crest cell migration into the 
branchial arches (6-12). Currently, there is a 
fundamental paradox in mechanisms that pat- 
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tern neural crest cells and their derivatives. 
Noden grafted first-arch neural crest precur- 
sors posteriorly to new locations in avian 
embryos, and these ectopic crest cells gave 
rise to duplications of first-arch skeletal de- 
rivatives, such as the quadrate and Meckel's 
cartilage. This landmark transposition study 
(2) led to the model that cranial neural crest 
cells are preprogrammed in the neural tube 
before their migration and that they passively 
carry positional information necessary for 
craniofacial morphogenesis from the neural 
tube to the periphery. This prepatterning 
model has shaped the way we think about 
craniofacial development during the past 18 
years and has also been used to explain skel- 
etal duplications observed in null mutations 
of A-P patterning genes, such as Hoxa2 and 
Hoxa3 (13-15). However, recent transposi- 
tion and lineage tracing experiments contra- 
dict the prepatteming model, highlighting the 
plasticity of rhombomeres and cranial neural 
crest populations [(11, 12, 16-23) and re- 
viewed in (5)]. These studies suggest an al- 
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temative dynamic model, in which neural 
crest patterning relies on a balance of instruc- 
tive signals from the hindbrain, maintenance 
signals from the branchial arch environment, 
and cell community interactions. 

In this study, we performed experiments 
aimed at understanding and resolving the ba- 
sis for these conflicting models and results. 
An often-ignored aspect of Noden's analysis 
is that posterior transplantations of presump- 
tive frontonasal or presumptive first-arch 
neural crest both produced the same quadrate 
and Meckel's cartilage duplications. Hence. 
the same ectopic structures formed irrespec- 
tive of the axial origin of the neural crest 
cells. What links these different transplanta- 
tions is the probable inclusion of the mid/ 
hindbrain isthmus in the grafted tissue. In 
recent years, it has become apparent that local 
inductive centers, such as the mid/hindbrain 
junction (isthmus), play roles in anterior neu- 
ral patterning (24). Noden used the isthmus 
as a morphological marker for delineating the 
neural tissue to be grafted posteriorly (Fig. 
1A), and therefore one possible explanation 
for the conflicting results may relate to the 
inclusion of a localized signaling center along 
with neural crest progenitors. 

To directly test this idea, we transplanted 
the isthmus posteriorly in place of rhom- 
bomere 4 (r4) in ovo, in stage-matched chick 
embryos at somite stage 8 to 9 (8-9) (Fig. 1, 
A through C). The donor isthmus included 
the mid/hindbrain junction and a small pop- 
ulation of cells on both sides of the boundary 
(Fig. 1A). After 24 to 48 hours of in ovo 
culture, grafted embryos were assayed for 
effects on Hoxa2 expression (Fig. 1, D and 
E), which is the primary determinant of the 
second branchial arch neural crest phenotype 
(13, 14). Hoxa2 expression in the second 
branchial arch neural crest was inhibited (Fig. 
1E), and this was not due to an absence of 
migrating neural crest cells, because 1,1'- 
dioctadecyl-3,3,3 ',3' -tetramethylindocarbo- 
nocyanine perchlorate (DiI) labeling of the 
transplanted tissue shows that numerous 
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Fig. 1. Transposition of the mid/hindbrain isth- 
mus posteriorly in place of r4 reprograms 
Hoxa2 expression in cranial neural crest cells. 
(A) Diagram illustrating transposition. Noden 
grafted the region from the isthmus to the 
boundary between r2 and r3. Our isthmus (i) 
transplantations comprised only the FGF8-ex- ( 
pressing territory at the mid/hindbrain junc- 
tion. In both cases after removal of endogenous 4 
r4, the anterior territory containing neural crest E t 
cell (ncc) progenitors was transposed posteri- 
orly into the caudal hindbrain at the level of r4 ( 
(arrows) FB, forebrain; MB, midbrain; ov, otic 
vesicle; sl, somite 1. (B and C) Fgf8 in situ 
hybridization in a 2.5-day avian embryo show- si 

ing high levels of expression in the isthmus and 
transient domains in branchial arches (black 
arrowhead) in a control embryo (B) and in a 
grafted embryo (C) 24 hours after transposition 
of the isthmus in place of r4 (*). (D and E) In 
comparison to a control embryo [(D), white D1 
arrow], Hoxa2 is not expressed in grafted isth- 
mus tissue or in migrating neural crest cells . 
derived from the graft [(E), white arrows]. (F) : 
Dil lineage tracing shows that despite the lack 
of Hoxa2 expression, there is extensive migra- 
tion of neural crest cells from the graft into the 
second arch (white arrow). ba2, second 
branchial arch. 

Fig. 2. Transposition of FGF8 beads adjacent to 
r4 transiently reprograms Hoxa2 expression in 
cranial neural crest cells. (A) Diagram showing 
the strategy of placing an FGF8-soaked bead 
(red circle) next to r4 to examine its effects on 
neural crest cells. (B and C) Dorsal view of an 
embryo (B) 24 hours after transposition with an 
FGF8 bead (*), showing inhibition of Hoxa2 
expression in second branchial arch (ba2) neu- 
ral crest cells on the graft as compared to the 
control side (white arrow). The bead does not 
alter the anterior limit (double black arrow), 
segmental domains, or relative levels of expres- 
sion in the hindbrain. Lateral view of the same 
embryo (C) showing a complete inhibition of 
Hoxa2 expression in second branchial arch neu- 
ral crest cells (black arrow). (D) Lineage tracing 
of r4-derived neural crest cells showing that the 
bead does not prevent neural crest cell migra- 
tion into the second branchial arch (white ar- 
rowhead). (E and F) Lateral views of a control 
embryo (E) and one containing an FGF8 grafted 
bead (F) 36 hours after grafting, showing that 
Hoxa2 expression is inhibited in the vicinity of 
the bead [black arrow, (F)] but is reestablished 
in arch mesenchyme cells distal to the bead 
[white arrow, (F)]. 

Transplantations 

noxaz control 

Bead graft 

Fgf8 control 

isthmus-r4 neural crest migration 

Hoxa2 24hrs post FGF8 bead 

neural crest migration Hoxa2 control Hoxa2 36hrs post bead 
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graft-derived neural crest cells emigrated and 
populated the second branchial arch (Fig. 
IF). The inhibition of Hoxa2 expression by 
the isthmus is important because the targeted 
inactivation of Hoxa2 results in homeotic 
transformations of second-arch neural crest 
derivatives into proximal first-arch deriva- 
tives, in a manner similar to that seen in the 
classic Noden transplantations (13, 14). 
Hoxa2 therefore is essential for regulating 
proper patterning of neural crest-derived 
skeletal structures in the second branchial 
arch (13, 14, 25). 

The patterning abilities of the isthmus have 
been attributed in part to FGF8 (26, 27), which 
is also transiently expressed in the branchial 
arches during the early phase of neural crest 
migration (Fig. 1B). We confirmed that the 
isthmic territory we transplanted expresses 
FGF8 (Fig. 1C). Hence, we tested the long-term 
effects of FGF8 alone on Hoxa2 gene expres- 
sion in cranial neural crest cells by placing 
FGF8-soaked beads (1 mg/ml) into the mesen- 
chymal tissue adjacent to r4, in 8-9 somite stage 
chick embryos (Fig. 2A). After 24 hours of in 
ovo culture, Hoxa2 expression in r4-derived 
neural crest cells was repressed throughout the 

entire second branchial arch (Fig. 2, B and C). 
DiI lineage tracing confirmed that the absence 
of Hoxa2 expression was not due to a failure of 
neural crest cells to migrate into the second arch 
(Fig. 2D). In contrast to second-arch neural 
crest cells, FGF8-soaked beads did not affect 
the levels or segmental boundaries of Hoxa2 
expression in the hindbrain relative to the con- 
trol side (Fig. 2B). Hence, the repression of 
Hoxa2 expression in the neural crest occurs 
independently of events in the neural tube (Fig. 
2, B and C). This is in agreement with ectopic 
expression studies indicating that Hoxa2 acti- 
vation in the migrating neural crest, as opposed 
to the neural tube, is required for generation of 
skeletal transformations (28, 29). Together 
these results show that Hoxa2 expression is 
essential for normal patterning of second-arch 
neural crest cells and is sensitive to the isthmus 
and FGF signaling. 

This suggests that signals from the isthmus, 
presumably involving FGF8, are capable of 
inhibiting Hoxa2 expression, allowing second- 
arch crest cells to adopt a first-arch fate. If the 
inclusion of the isthmus accounts for the trans- 
formations used to support the prepatteming 
model, then identical grafts excluding this ter- 

Fig. 3. Skeletal analysis of grafted embryos containing hindbrain transpositions including or 
excluding the isthmus. (A) Diagram illustrating the posterior transposition of rl and the isthmus to 
r4. (B) The posteriorly transposed isthmus/rl results in duplication of first-arch skeletal structures 
such as the quadrate (q*) and Meckel's cartilage (m*) and loss of the retroarticular process (rp). (C) 
Diagram illustrating the posterior transposition of rl excluding the isthmus to r4. (D) The first-arch 
skeletal morphology, including Meckel's cartilage (m) and the quadrate (q), is normal. 

ritory should not result in duplications of first- 
arch skeletal structures. Therefore, we trans- 
posed the anterior hindbrain, with or without 
the isthmus, in place of the r4 territory at 8-9 
somite stage (Fig. 3, A and C). After in ovo 
embryo culture for 8 days, we assayed for the 
long-term phenotypic effects in skeletal mor- 
phology associated with suppression of Hoxa2 
expression in second-arch neural crest cells by 
alcian blue staining (Fig. 3, B and D). In grafts 
containing the isthmus, there was a loss of 
normal r4-derived second-arch structures, such 
as the retroarticular process, and in their place 
the quadrate and Meckel's cartilage character- 
istic of the first arch were duplicated (Fig. 3, A 
and B). The embryos were assayed before bone 
formation, so we could not assess whether the 
articluar and squamosal bones were also dupli- 
cated. However, ectopic cartilage nodules were 
observed in these relative locations in addition 
to the duplicated quadrate and Meckel's carti- 
lages. These homeotic transformations are sim- 
ilar to Noden's observations (2) and phenotypes 
observed in Hoxa2 mutant embryos (13-15). In 
contrast, grafts of the anterior hindbrain lacking 
the isthmus resulted in normal skeletal mor- 
phology (Fig. 3, C and D). 

These findings demonstrate that the trans- 
formation of second-arch crest derivatives into 
first-arch structures, as described by Noden (2), 
is dependent on the presence of the isthmus. 
This suggests that the classical first-arch skele- 
tal duplications arising through transpositions 
of first-arch and frontonasal neural crest (2) 
were a consequence of the suppression of 
Hoxa2 expression in the second arch by the 
isthmus. Therefore, we tested whether FGF8 
alone could substitute for the isthmus. Howev- 
er, embryos in which FGF8-soaked beads were 
grafted into the mesenchyme adjacent to r4 and 
cultured for 8 days failed to generate duplicated 
first-arch skeletal elements. This implies that 
FGF8 alone in this context is unable to replace 
the isthmus, suggesting that additional factors 
may also be involved. This prompted us to 
examine the temporal effects of FGF8 beads on 
Hoxa2 expression in the second branchial arch. 
We found that as the arch grows over time (36 
to 48 hours), Hoxa2 expression is reestablished 
in the arch mesenchyme at a distance from the 
bead, but it continues to be inhibited in cells 
adjacent to the bead (Fig. 2, E and F). Hence, in 
contrast to isthmic grafts, FGF8 beads only 
transiently inhibit Hoxa2 expression in the sec- 
ond arch. This result reflects an important dif- 
ference in the nature of isthmus/tissue versus 
bead transplantations. In grafts of the isthmus, 
the entire endogenous presumptive r4 crest was 
removed and replaced with the FGF8-express- 
ing isthmus. However, in bead grafts, the en- 
dogenous r4 crest was left intact, and migrating 
crest cells derived from r4 are being challenged 
to reprogram by signals from the grafted bead. 
These experimental properties, in combination 
with the transient inhibition of Hoxa2 expres- 
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sion, could well account for the differences in 
skeletal phenotypes between isthmus and FGF8 
bead grafts. Therefore, the variability in the 
duplications observed by Noden may also be 
explained by the variability of local FGF8 con- 
centration present in grafted tissue. In contrast 
to the isthmic grafts, the duplicated first-arch 
structures observed in the Hoxa2 mutants ex- 
hibit a mirror image polarity. This implies that 
other factors must be involved in patterning 
different axes of polarity in these duplications. 
The transposition of a signaling center might 
disrupt the mechanisms that influence polarity 
or axis patterning. 

These experiments underscore the impor- 
tant role played by Hoxa2 in branchial arch 
identity. Recently, functional inroads have 
been made into understanding the precise 
mechanisms by which Hoxa2 influences the 
morphogenesis of second-arch elements (30). 
Hoxa2 is widely expressed in the second-arch 
mesenchyme but is excluded from the chon- 
drogenic domains and acts very early in the 
chondrogenic pathway upstream of Sox9, 
Col2al, and CbaflI to repress their expres- 
sion. During normal development, both en- 
dochondral and dermal (intramembranous) 
ossification occurs in first-arch morphogene- 
sis; however, endochondral ossification pri- 
marily occurs in second-arch morphogenesis. 
Therefore, one of the roles of Hoxa2 in the 
second branchial arch may be the prevention 
of dermal bone formation. Overexpression 
studies of Hoxa2 in chick and zebrafish em- 
bryos have now confirmed its role as a true 
selector gene (28, 29). Therefore, Hoxa2 not 
only inhibits development of the lower jaw 
skeleton but is also primarily responsible for 
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frontonasal neural crest develop similar du- 
plicated skeletal structures when transposed 
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REPORTS 

on plasticity and the ability of neural crest 
cells to respond to environmental influences 
in the branchial arches, and future attention 
will be focused on the nature of these signals. 
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MAPKK-lndependent Activation 

of p38a Mediated by 

TAB1-Dependent 
Autophosphorylation of p38a 

Baoxue Ge,1 Hermann Gram,2 Franco Di Padova,2 Betty Huang,3 
Liguo New,' Richard J. Ulevitch,2 Ying Luo,3.4 Jiahuai Hanl* 

Phosphorylation of mitogen-activated protein kinases (MAPKs) on specific ty- 
rosine and threonine sites by MAP kinase kinases (MAPKKs) is thought to be the 
sole activation mechanism. Here, we report an unexpected activation mech- 
anism for p38a MAPK that does not involve the prototypic kinase cascade. 
Rather it depends on interaction of p38a with TAB1 [transforming growth 
factor-P-activated protein kinase 1 (TAK1)-binding protein 1] leading to au- 
tophosphorylation and activation of p38a. We detected formation of a TRAF6- 
TAB1-p38a complex and showed stimulus-specific TAB1-dependent and TAB1- 
independent p38a activation. These findings suggest that alternative activation 
pathways contribute to the biological responses of p38a to various stimuli. 
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Mitogen-activated protein kinases (MAPK) 
have crucial roles in cellular responses to 
various extracellular signals (1). The proto- 
typical module of MAP kinase activation is a 
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cascade of three kinases, consisting of 
MAP3K (MAP kinase kinase kinase), 
MAPKK, and MAPK (2). p38a is a MAPK 
activated by MAPKKs MKK3 and MKK6 
(2-7). Although the protein kinase cascade is 
unquestionably a mechanism controlling 
p38a activation (2-7), we have identified an 
alternative p38ac activation mechanism that 
has not previously been addressed. 

We used the yeast two-hybrid system with 
a library constructed from human gastrointes- 
tinal tract tissue to search for proteins that 
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