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Neural Crest Specification 
Regulated by the 

Helix-Loop-Helix Repressor Id2 
Brad J. Martinsen and Marianne Bronner-Fraser" 

Vertebrate neural crest cells, derived from the neural folds, generate a variety 
of tissues, such as cartilage, ganglia, and cranial (intramembranous) bone. The 
chick homolog of the helix-loop-helix transcriptional regulator Id2 is expressed 
in  cranial but not trunk neural folds and subsequently in  some migrating cranial 
neural crest cells. Ectopic expression of Id2 wi th  recombinant retroviruses 
converted ectodermal cells t o  a neural crest fate, demonstrating that proper 
regulation of Id2 is important for sustaining epidermal traits. In addition, 
overexpression of Id2 resulted in overgrowth and premature neurogenesis of 
the dorsal neural tube. These results suggest that Id2 may allocate ectodermal 
precursors into neural rather than epidermal lineages. 

Neural crest cells follow migratol-y pathways 
and generate final cell types in accordance 
with their original rostrocaudal position along 
the axis (1, 2). Although both cranial and 
tmnk neural crest cells can form melanocytes. 
glia; sensory neurons, and autonomic neurons 
(3, 4), only cranial neural crest cells have the 
ability to form cartilage and bone (2; 5) .  In 
screening for transcripts that are selectively 
expressed in cranial but not trunk neural folds 
( 6 ) ,  we isolated the chick homolog of Id2 (7) 
(Fig. 1, A and B). Id proteins (inhibitors of 
DNA binding) are negative regulators of ba- 
sic helix-loop-helix (bHLH) transcription 
factors (7-10) that are involved in develop- 
mental processes such as myogenesis (9, 11- 
13). neurogenesis (14, l j ) ,  bone morphogen- 
esis (1 6); lylnphopoiesis (1 7), hematopoiesis 
(18), myeloid differentiation (19), and cell 
growth (20-22). iF1e show that Id2 directs 

B. J. Martinsen, Division o f  Biology, Beckman lnst i tute 
139-74, California lnst i tute o f  Technology, Pasadena, 
CA 91125, USA, and Department o f  Developmental 
and Cell Biology, University o f  California, I ~ i n e ,  CA 
92717, USA. M. Bronner-Fraser, Division o f  Biology, 
Beckman lnst i tute 139-74, California lnstitute o f  
Technology, Pasadena, CA 9 1  125, USA. 

ectodesmal precursor toward neural crest and 
neurogenic fates. 

In s i h ~  hybridization revealed Id2 transcripts 
in the most dorsal cranial neural fold region of 
the presumptive brain (Fig. 2, A and B). The 
caudal border of expression approximately cor- 
responds to the ~nidvagal region (Fig. 2, A and 
C) at the rhombo~nere 7% boundary and is 
maintained beyond stage 17. As nemal crest 
cells migrated out of the neural h~be, Id2 was 
expressed by a subpopulation of migrating cra- 
nial neural crest cells at the midbrain level (Fig. 
2D). Transverse sections show Id2 mRNA in 
recently emigrated neural crest cells as they 
move toward the branchial arches (Fig. 2E). At 
later stages, Id2 was expressed in the region of 
fonning cranial ganglia, such as the ciliary and 
trigeminal ganglia. Within the neural tube, ex- 
pression became restricted to the alar plate in 
stage 28 embryos. In addition to expression in 
cranial neural fold derivatives, Id2 was ex- 
pressed in the somites and subsequently in ver- 
tebral cartilage. 

We explored the fimctional importance of 
Id2 in vivo by overexpressing it in the chick 
embryo using retrovirally mediated gene trans- 
fer with RCASBP (B) virus (replication-com- 

*To w h o m  correspondence should be addressed. E -  petent avlall leukemia virus LTR splice accep- 
mai l :  mbronner@caltech.edu tor Bryan polymerase, subgroup B envelope 
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genes) (23-26). I&-expressing retrovirus (ei- 
ther untagged or myc-tagged) was applied to 
the surface ectoderm (including both ectoderm 
and open neural plate) o f  embryos ranging in 
age from Hamburger-Hamilton (HH) (27) stag- 
es 5 to 6 (head process stage) to HH stage 11 
(12 somite stage); some embryos also received 
a subectodermal injection o f  virus into the un- 
derlying mesenchyme. Near ubiquitous expres- 
sion o f  the retroviral gene product was observed 
in embryonic cells examined 1 to 3 days after 
infection, as assayed by staining either with 
antibodies to the viral protein p27 (Fig. 2F) or 
with the myc tag (Fig. 2, G and H). 

Profound abnormalities were observed in 
the neural tube at the levels o f  the forebrain. 
midbrain, and hindbrain in embryos analyzed 
1 to 9 days after infection. For viral infections 
performed at the youngest stages (HH stages 
5 to 8), the ectoderm directly overlying the 
neural tube was absent, apparently converted 
to a neural crest phenotype. The normally 
cuboidal epithelium o f  the dorsal ectoderm 
was replaced by  mesenchymal cells that ex- 
press the neural crest marker, HNK-1 (Fig. 3, 
B and C). In contrast, embryos infected with 
a control virus (encoding Id2 in the antisense 
orientation) displayed the normal pattern o f  
HNK-1 ( ~ i~ .  3k)  and  Slug (Fig. 31) immu- 
noreactivity, with neural crest cells clearing 
the dorsal surface o f  the neural tube by  1 day 
after infection. To confirm that the ectopic 
HNK-1-reactive cells were derived from the 
ectoderm, we labeled the surface ectodenn with 
the lipophilic dye l,lf-dioctadecyl-3,3,3',3'-tet- 
ramethylindocarbocyanine perchlorate @iI) af- 
ter neural tube closure (28). Retrovirus was 
applied at the 1 to 4 somite stage followed by  
DiI labeling o f  the ectoderm after neural tube 
closure (- 1 1 somite stage). In control embryos, 
this DiI application resulted in labeling o f  the 
surface ectoderm and a small population o f  
invaginating placodal cells (Fig. 3D) but not o f  
neural crest cells. In embryos infected with 
I&-expressing virus, ectodermal cells close to 
the neural tube already appeared multilayered 
by  the time o f  DiI application (1 1 somite stage); 
some DiI-labeled ectodermal cells expressed 
the HNK-1 epitope as early as the 14 somite 
stage (Fig. 3, E and F). B y  1 day after infection, 
there was a marked overgrowth o f  the DiI- 
labeled ectoderm with numerous DiI-labeled 
cells in the lateral ectoderm undergoing exten- 
sive overgrowth, becoming multilayered and 
HNK-1 immunoreactive (Fig. 3, G and IT). 
These results demonstrate that ectopic Id2 ex- 
pression converts the DiI-labeled surface ecto- 
derm to a neural crest phenotype. The ecto- 
derm-to-neural crest conversion was observed 
in embryos infected with retrovirus before HH 
stage 8 (5 somite stage) and markedly declined 
thereafter (Fig. 3K). As it takes about 15 to 18 
hours after infection to achieve high levels o f  
ectopic protein expression (26), the time o f  
competence to convert ectodenn to neural crest 

appears to decline by  HH stage 11 (13 to 14 tions performed between HH stages 5 and 11 
somite stage). was overgrowth o f  the dorsal neural tube and 

Another phenotype observed with infec- the presence o f  ectopic masses o f  cells dorsal 

Fig. 1. Amino acid se- 
quence of chick Id2. (A) 
Comparison of the de- 
duced amino acid se- 
quences of chicken Id2 
(CenBank accession 
number AF068831), 
human Id2 (35), rat Id2 
(37), and mouse Id2 
(7). Only residues dif- 
fering from the chicken 

AChicken Id2 
Human Id2 
Rat Id2 

Mouse Id2 

Chicken Id2 
Human Id2 
Rat Id2 

Mouse Id2 

Chicken Id2 

<----Helix I--->< 
MKAFSPVRSV RKNGLSEHNL GISRSKTPVD DPMSLLYNMN DCYSKLKELV ............. S..D.S. .............................. ............. S..D.S. .............................. 

RSGE.. S..D.S. .... ... .............................. 

----loop---><-----Helix 2-----> 
PSIPQNKKVS KMEILQBVID YILDLQIALD SHPSIVSLHH QRPGQNAASR ................................. T...... ...... Q... 

T T...... QT.. ......... ....................... ...... 
T T...... Q... ......... ....................... ...... 

TPLTTLNTDI SILSLQAAEF PSELM?SDSK ALCG " ................. ..... .... Id2 sequence are Human Id2 S.. SN... 
Rat Id2 ................. S.. ..... SN... V... 

shown. Chick Id2 is Mouse 1d2 .R........ ....... s.. ..... SN... v... 
94% identical to hu- 
man Id2,91% identical 
to rat Id2, and 88% 
identical to  mouse Id2. 
Single-letter abbrevia- 
tions for the amino 
acid residues are as fol- 
lows: A, Ala; C, Cys; D, 
Asp; E, Clu; F, Phe; C, 
Cly H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Cln; R, Arg; 5, Ser; T, Thr; V, Val; W, Trp; and 
Y, Tyr. The complete amino acid sequence comparison is available at wwwsciencemag.org/featurel 
datal981346.shL (B) A phylogenetic tree illustrating the relationship between chick Id2 and other Id 
proteins. The tree was prepared with the Clustal method with a PAM250 residue weight table. 

Fig. 2. Expression pattern of chick Id2, which is selectively expressed in the cranial neural folds and 
neural crest. (A) Whole-mount in situ hybridization of a 5 somite stage embryo reveals that Id2 is 
expressed in the cranial neural folds, with the caudal limit of expression in the caudal hindbrain. (B) 
In a transverse section of the embryo shown in (A), at the level of the dashed line, Id2-expressing 
cells (arrow) are within the cranial neural folds. NT, neural tube. (C) By the 11 somite stage, Id2 is 
expressed in the neural tube and in subpopulations of migrating neural crest cells. The caudal limit 
of expression remains in the caudal hindbrain. The dark spot of asymmetric expression on the left 
side of the embryo is in the splanchnopleure, in the region of foregut closure just caudal to  the 
heart. (D) Higher magnification of (C) shows subpopulations of Id2-expressing neural crest cells 
(arrows) migrating from the neural tube. (E) In a transverse section of the embryo shown in (C) and 
(D) at the level of the dashed Line, Id2-expressing cells appear to  migrate away (arrowhead) from 
the neural tube and into the branchial arches. (F) After retrovirally mediated overexpression of 
chick Id2 in early embryos, staining with an antibody to  the viral protein p27 reveals near uniform 
viral expression in a transverse section through an embryo injected at the 1 somite stage and fixed 
1 day later. Note the ectopic ganglion (EC)-like aggregate of cells within the neural tube. (G and 
H) A 3-day embryo stained with antibody to  myc after retroviral infection of m c-tagged Id2 
reveals nuclear Id2 expression in cells within the lumen of the neural tube at low (Cfand high (H) 
magnification; arrows in (H) indicate myc-tagged nuclei. Scale bar, 250 p m  in (A), 150 p m  in (B), 
650 p m  in (C), 130 p m  in (D), 100 p m  in (E) and (F), 120 p m  in (C), and 20 p m  in (H). 
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to or within the cranial neural tube (Figs. 2, F 
and G, and 3, B and J). Large ganglionlike 
aggregates, which contained numerous neu- 
rofilament-immunoreactive cells (Fig. 3B), 
were observed within the lumen of the neural 
tube in embryos infected with either myc-Id2 
or untagged Id2 virus. In embryos fixed be- 
tween 2 and 9 days after infection, ectopic 
masses were found within the cerebellum and 
brain vesicles, which protruded from the cra- 
nium lacking dorsal ectoderm (Fig. 3L). In 
contrast, the majority of embryos infected 
with control virus displayed no obvious ab- 
normalities (Fig. 3M). 

When retroviral constructs were injected 
into the cranial mesenchyme instead of the 
neural tube, all tissues except the neural tube 
expressed the viral protein p27 or the myc tag 
(or both), suggesting that the virus does not 
cross the basal lamina of the neural tube. No 

defects were observed in these embryos. 
Thus, ectopic expression of Id2 appears only 
to affect ectodermally derived cells at or near 
the ectoderm-neuroectoderm border, where 
Id2 is normally expressed. No morphological 
abnormalities were observed in the trunk of 
infected embryos. Because Id2 heterodimer- 
izes with other HLH transcription factors, the 
ability to detect a phenotype may be directly 
related to the availability of the appropriate 
partner. 

Here, we have shown that the HLH tran- 
scriptional regulator Id2 directs ectodermal 
precursors into neural instead of epidermal 
lineages. In the chick, Id2 is differentially 
expressed in the cranial, but not trunk, neural 
folds. Consistent with the expression of Id2 
in the cranial neural folds, Id proteins are 
often associated with sites of active epitheli- 
al-mesenchyrnal transitions (29). Overex- 

pression of Id2 results in an epidermal-to- 
neural crest conversion, suggesting that the 
bHLH partner to Id2 may promote epidermal- 
ization. Because individual neural fold cells 
can become epidermis, neural crest, or neural 
tube cells (30), the expression of Id2 in the 
neural folds may maintain a balance between 
these fates such that the appropriate propor- 
tion of cells enters the neural crest and neural 
tube lineages. Cranial ganglia are derived 
from both the neural crest and the ectodermal 
placodes; furthermore, both placode- and 
neural crest-derived cells express the HNK-1 
epitope. Therefore, we cannot rule out the 
possibility that overexpression of Id2 drives 
some ectodermal cells into a placodal fate; 
however, Id2 is not normally expressed in the 
placodes. The ectopic, ganglionlike aggre- 
gates observed after Id2 overexpression sug- 
gest an effect on promotion of neurogenesis, 

Fig. 3. Retrovirally mediated overexpression of 
chick Id2 in early embryos. (A) An embryo infect- 
ed with control virus encoding antisense Id2 dis- 
plays the normal pattern of HNK-1 immunoreac- 
tivity, with neural crest cells (arrow) migrating 
away from and clearing the dorsal surface of the 
neural tube. (0) A transverse section through an 
embryo injected with Id2 retrovirus at the 1 
somite stage, fixed after 1 day, and stained with.!, 
HNK-1 antibody (green) and neurofilament anti- P 
body (red). The ectoderm overlying the neural 
tube was absent and was replaced by large mass- 
es of HNK-1-positive cells (curved arrow). A large 
aggregate of neurofilament-positive cells ap- 
peared to  form an ectopic ganglion within the 
neural tube. (C) Another section through the em- 6 bryo in (B), showing that the cuboidal epithelium 
of the ectoderm ends and meets (arrow) mesen- 
chymal HNK-1-immunoreactive cells. (D) The 
surface ectoderm of the embryo in (A) was la- 
beled with the lipophilic dye Dil after neural tube rn 
closure, resulting in labeled cells (arrow) in the 

- 
surface ectoderm and a small population of in- 
vaginating placodal cells. (E and F) Dil labeling (E) 
and HNK-1 immunoreactivity (F) of an embryo 
infected with Id2-expressing virus showing a 
marked overgrowth of the ectoderm as early as 5 YP 

hours after Dil labeling (14 somite stage); some of 
the 1-positive Dil-labeled [arrow cells in [arrow (F)]. (G in and (E)] H) are Dil also labeling HNK- K iL W* * mi 
(C) and HNK-1 immunoreactivity (H) of an em- L 
bryo 1 day after being infected with Id2-expressing virus; there was a somite stages, this phenotype rapidly declined. Given that protein 
marked over growth of the ectoderm (Ect.), some of which is HNK-1- expression takes 15 t o  18 hours (24, 26), this decline suggests that 
positive. (I) Slug antibody staining of an embryo 1 day after infection the ectoderm loses the ability t o  be converted t o  neural crest cells at 
of control virus shows expression in  the dorsal neural tube and the 14 somite stage. Maroon graph shows the percentage of embryos 
migrating neural crest cells. (1) Slug antibody staining of an embryo 1 with aggregates of ectopic neural crest-like ganglia within or above 
day after infection of Id2 retrovirus shows that a mass of Slug- the dorsal neural tube as a function of stage of infection. Similar 
expressing cells has invaginated into the neural tube (insets). After 1 phenotypes were observed for infections performed between head 
day, abnormal ectoderm neural tube (or both) phenotypes were fold and the 12 somite stage, the last stage examined. The total 
observed in 36 of 39 embryos infected with myc-Id2 virus and 9 of 12 number of embryos is shown within each bar. (I.) An embryo injected 
embryos with untagged Id2, confirming that the myc tag did not with Id2 retrovirus at the 4 somite stage and allowed t o  develop for 
interfere with function of the Id2 construct; 2 of 16 control embryos 9 days. The ectoderm over the dorsal neural tube (arrow) was absent, 
had abnormalities in the neural tube (typical of the background level and the forebrain (FB) was not contained within the cranium, perhaps 
of defects observed in  noninfected embryos). (K) Conversion of the because of overgrowth of the neural tissue. (M) A control embryo 
embryonic ectoderm into neural crest and formation of ectopic injected with antisense Id2 retrovirus at the 4 somite stage and fixed 
ganglia after infection with Id2 retrovirus. Yellow graph shows the after 9 days. The ectoderm over the neural tube is continuous. In 
percentage of embryos in  which the surface ectoderm over the neural embryos fixed between 2 and 9 days after infection, abnormalities 
tube has been converted into HNK-1-positive cells as a function of were observed in 8 of 8 Id2-infected embryos and in 0 of 6 control 
stage of infection. Embryos were analyzed 1 day after infection. embryos. Scale bars, 90 p,m in  (A), (D), (C), and (H); 80 p m  in  (B); 40 
Between head process (H.P.) and 5 somite stage, 89% of embryos p m  in (C); 70 p m  in  (E) and (F); 50 p,m in (I) and 0); and 2.5 mm in 
exhibited an ectoderm-to-neural conversion. Between the 6 and 8 (K) and (L). 
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consistent with studies demonstrating Id 
expression in dividing neuroblasts (15, 31), 
presumptive interneurons, and motor neu- 
rons in the developing spinal cord (15). In 
Drosophilu mela~zoguster, the Id homolog 
extramacrochaete regulates sensory organ 
patterning in the adult fly epidermis by 
negatively regulating the bHLH proteins 
achaete and scute (32, 33) in a dose-depen- 
dent manner (33, 34). In vertebrates, our 
results demonstrate that Id2 plays stage- 
dependent roles in ectodermal develop- 
ment, likely depending on the presence of 
other interacting bHLH molecules. Thus, 
Id2 heterodimers may maintain the balance 
between differentiation and proliferation in 
neural crest and ectodermal precursors. 
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Crystal Structure of Hemolin: 
A Horseshoe Shape with 

Implications for Hemophilic 
Adhesion 

Xiao-Dong Su," Louis N. Gastinel,+ Daniel E. Vaughn,: 
Ingrid Faye, Pak Poon, Pamela 1. Bjorkmans 

Hemolin, an insect immunoglobulin superfamily member, is a lipopolysaccha- 
ride-binding immune protein induced during bacterial infection. The 3.1 ang- 
strom crystal structure reveals a bound phosphate and patches of positive 
charge, which may represent the lipopolysaccharide binding site, and a new and 
unexpected arrangement of four immunoglobulin-like domains forming a 
horseshoe. Sequence analysis and analytical ultracentrifugation suggest that 
the domain arrangement is a feature of the L1 family of neural cell adhesion 
molecules related to hemolin. These results are relevant to interpretation of 
human L1 mutations in neurological diseases and suggest a domain swapping 
model for how L1 family proteins mediate homophilic adhesion. 

Insects have developed highly efficient innate 
fonns of immunity against invading microor- 
ganisms such as bacteria and fungi (1). In the 
giant silkmoth Hj~alophoru cecropiu and the 
tobacco hornlvorm Munduca sexta, many 
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proteins are up-regulated in lanrae or pupae 
upon bacterial infection. Hemolin is present in 
low amounts in the hemolymph of na'ive in- 
sects, but is highly induced upon bacterial in- 
fection, and is assumed to be an integral com- 
ponent of the insect immune response (2). 

Hemolin is a member of the immunoglob- 
ulin superfamily (IgSF), containing four Ig-like 
domains (3). It shares significant sequence sim- 
ilarity with the first four domains of the IgSF 
portion of transmembrane cell adhesion mol- 
ecules (CAMS) of the L1 family, whose 
extracellular regions consist of six IgSF 
domains follolved by five fibronectin I11 
repeats (4) [-38% amino acid sequence 
identity between hemolin and the four 
NH,-terminal IgSF domains of neuroglian 
(3), the insect ortholog of mammalian L l ] .  
L1 family members mediate homophilic 
and heterophilic adhesion events that facil- 
itate neurite outgrowth and fasciculation. 
Mutations in the human L1 gene are found 
in a variety of neurological disorders (4, 5). 
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