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The neural crest is a multipotent, stem cell-like population that
migrates extensively in the embryo and forms a wide array of
derivatives, ranging from neurons to melanocytes and cartilage.
Analyses of the gene regulatory network driving neural crest devel-
opment revealed Sox10 as one of the earliest neural crest-specifying
genes, cell-autonomously driving delamination and directly regulat-
ing numerous downstream effectors and differentiation gene bat-
teries. In search of direct inputs to the neural crest specifier module,
we dissected the chick Sox70 genomic region and isolated two down-
stream regulatory regions with distinct spatiotemporal activity. A
unique element, Sox10E2 represents the earliest-acting neural crest
cis-regulatory element, critical for initiating Sox70 expression in
newly formed cranial, but not vagal and trunk neural crest. A second
element, Sox10E1, acts in later migrating vagal and trunk crest cells.
Deep characterization of Sox10E2 reveals Sox9, Ets1, and cMyb as
direct inputs mediating enhancer activity. ChiP, DNA-pull down, and
gel-shift assays demonstrate their direct binding to the Sox10E2
enhancer in vivo, whereas mutation of their corresponding binding
sites, or inactivation of the three upstream regulators, abolishes both
reporter and endogenous Sox10 expression. Using cis-regulatory
analysis as a tool, our study makes critical connections within the
neural crest gene regulatory network, thus being unique in establish-
ing a direct link of upstream effectors to a key neural crest specifier.

B ecause of its stem cell properties and numerous derivatives, the
vertebrate neural crest (NC) represents an excellent system
for examining questions of cell specification and differentiation
during development. Along the neural axis, neural crest cells are
subdivided into several subpopulations—cranial, vagal, trunk, and
sacral—distinct in their migratory pathways and derivatives. Al-
though the molecular underpinnings of these regional differences
are unknown, an intriguing possibility is that these may be because
of differential regulation of NC marker genes. Consistent with this,
some transcription factors, like Id2 and Etsl, are selectively
expressed at cranial but not vagal or trunk levels (1, 2).

We have proposed that a gene regulatory network (GRN)
defines the regulatory state of NC cells (3), such that modules of
transcription factors function sequentially to first specify the
neural plate border and then the nascent NC. The intricate regu-
latory interactions within the NC-GRN start with a group of
transcription factors comprising an evolutionarily “inflexible”
neural plate border-regulatory unit, whose essential upstream
function is to establish identity of the progenitor territory (4).
Although neural plate border genes are thought to regulate genes
of the NC specification circuit, virtually nothing is known about
direct regulatory connections between these border and specifier
modules. Activation of transcription factors in a temporally and
spatially controlled fashion assures not only that NC cells acquire
migratory properties, but also that they differentiate into numer-
ous derivatives appropriate for their axial level of origin. Identi-
fication of region-specific regulatory elements promises to provide
an important tool for understanding how NC cells are regionally
specified and how this relates to the global NC-GRN.

The present state of knowledge of the NC-GRN has been largely
derived from transperturbation experiments using morpholino-
mediated knock-down in frog, zebrafish, and chick, generally
focused on the cranial neural crest (CNC). Because of the nature
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of the analysis, understanding hierarchical relationships within the
NC-GRN has been indirect. As a consequence, information
directly connecting hypothetical upstream neural plate-border
regulators to NC specifiers is sorely lacking. The evolutionary
addition of the crest specifier link to a neural plate-border module,
already present in nonvertebrate chordates, was a critical step for
invention of migratory and multipotent NC cells in the vertebrate
lineage (5). To fill this void and connect currently distant portions
of the NC-GRN, cis-regulatory analysis of NC specifier genes is
required. However, this has been classically problematic because
of the difficulty of performing high-throughput regulatory analysis
and the paucity of genomic information in those vertebrates most
amenable to experimental manipulation.

Previous studies have identified Sox10 as a key regulator of
numerous effector genes in the NC-GRN. It is critical not only for
neural crest delamination/migration, but also for specification of
multiple NC lineages (autonomic neurons, glia, melanocytes) by
directly regulating genes involved in differentiation (6, 7). Thus,
Sox10 is a linchpin for understanding the process of NC specifica-
tion. Although SoxI0 enhancer elements controlling expression in
NC derivatives and late migrating cells have been noted in other
species (8-11), no regulatory elements controlling initial activation
of any NC specifier, let alone Sox10, has been uncovered to date.

Here, we provide the necessary cis-regulatory analysis that links
activation of Sox10 in newly formed cranial NC cells within the
NC-GRN. By dissecting the cis-regulatory regions of this essential
NC specifier, we have isolated two enhancers with distinct regu-
latory activities. Mutational analysis reveals previously unknown
cis-regulatory inputs active in nascent cranial NC cells. Three
transcription factors, Sox9, Ets1, and cMyb, acting via one of the
identified enhancers, Sox10E2, are required for direct initial
activation of endogenous Sox10 expression and the specification of
delaminating/migrating cranial NC. This study adds additional,
previously uncharacterized players to the early phase of the NC-
GRN. By establishing direct regulatory connections to SoxI0
activation within the cranial NC, the data add important infor-
mation for decoding and understanding the NC-GRN as a whole.

Results and Discussion

Identification of Sox70 Genomic Fragment with Regulatory Activity in
Newly Formed NC. To guide experimental tests of regulatory
activity, comparative genomic analysis was employed to identify
conserved elements. Genomic sequences surrounding the Sox10
coding region from chicken, zebrafish, Xenopus, opossum, mouse,
rat, and human were compared in silico (Fig. 14), employing the
ECR Browser program (http://ecrbrowser.dcode.org). Using
Sox10 BAC clone, genomic fragments of ~3 to 5 kb, containing one
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or more conserved regions (>70% homology) (Table S1), were
cloned into an EGFP reporter vector upstream of thymidine kin-
ase (tk) basal promoter (12) and functionally tested in vivo for
ability to recapitulate Sox10 expression during early NC formation.
Using ex ovo and in ovo electroporation techniques (13), the entire
epiblast of stage-4 chicken embryos, according to Hamburger and
Hamilton (HH), or dorsal neural tube of stage HH8 to -12 embryos
were transfected with reporter construct (green), together with a
pCI-H2B-RFP (red ) ubiquitous tracer to assess transfection extent
and efficiency. Embryos were collected after 8 to 48 h (HHS + 18),
fixed and analyzed for EGFP expression.

The results reveal a 3.5-kb fragment, ~1-kb downstream of the
Sox10 coding region, that activates EGFP reporter expression (Fig. 1
B-F) in a manner that recapitulates endogenous Sox10 transcription
(Fig. 1 G-J), as the NC delaminates and migrates from the neural
tube. EGFP transcripts were detected in cranial NC cells as early as
HHS8+ (Fig. 1B), in embryos with six somites, when Sox10 is first
distinguishable by in situ hybridization (Fig. 1G). Both the EGFP
reporter and endogenous SoxI0 were maintained on actively
migrating cranial NC (Fig. 1 D, F, and I) as expression initiates
progressively caudally (Fig. 1 I and J) (14). However, even though
endogenous SoxI0 is down-regulated as crest cells enter the bran-
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Fig. 1. Sox710 cis-regulatory analysis. (A) Schematic diagram showing com-
parative genomic analysis using the ECR browser. Chicken, zebrafish, Xen-
opus, opossum, mouse, rat, and human genomic sequences were compared
between Sox70 and neighboring genes, SIc16A8 and PolR2F: (red) highly
conserved elements; (blue) coding exons; (green) transposable elements and
simple repeats. Boxed Sox70 putative regulatory regions L8 (late) and E
(early) show activity in neural crest. UTRs shaded in yellow. (B) At HH8+, GFP
transcripts are detected by fluorescent in situ hybridization in CNC, similar to
endogenous Sox70 expression (G). Distribution of EGFP transcripts (C-E)
(HH9+, HH12, HH15) is similar to endogenous Sox70 in H to J, respectively.
(D) EGFP expression at HH12 in rhombomere5 stream surrounding otic
vesicle (OV) resembles endogenous Sox10 (/), but is missing in vagal neural
crest (VNQ). (F) Cross section of embryo in D shows specific Sox10E regulatory
activity in CNC around optic vesicle (OpV). (G-J) Endogenous Sox70 expres-
sion at HH8 + 15. OP, otic placode.

HH8+ HH9+ HH12%
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chial arches (Fig. 1J), expression of the EGFP reporter was main-
tained in branchial arches (similar to Fig. S1B). Both Sox10 and
EGFP were also expressed in otic placode cells by stage HH10 (Fig. 1
Cand H) and later, more caudally, in actively migrating, but not early
delaminating vagal and trunk NC (Fig. 1 D, E, I, and J).

Thus, this 3.5-kb Sox10 genomic fragment (denoted Sox10E)
contains regulatory modules that mediate initial Sox0 activation
during early neural crest delamination at the cranial but not more
caudal levels. Of six other fragments upstream of the coding
region, five lacked functional activity at the time points of interest.
Another 5-kb fragment, denoted Sox10LS8 (Fig. 14), exhibited
weak EGFP activity in neural crest and otic cells by HH13 (6/6),
but not in emigrating NC and therefore was not pursued further.

Two Highly Conserved Regions Within Sox70E Genomic Fragment
Activate Distinct Spatiotemporal Reporter Expression. We used the
ECR browser program to search for highly conserved sequences,
potentially representing minimal essential core-regulatory ele-
ments. By screening for 70% conservation across 100-bp windows
within multiple aligned genomic regions between SoxI0 and
POLR2F, the first downstream neighboring gene, the program
revealed two clusters of ~160 bp and ~267 bp within the 3.5-kb
Sox10E fragment (Fig. 24). As no recognizable sequence homol-
ogy was observed with either zebrafish or Xenopus sequences, these
species were excluded. There are no studies addressing Sox10
regulation in Xenopus; however, in zebrafish a 4.9-kb region
upstream of Sox10 can recapitulate endogenous Sox10 expression
in Sox10:GFP transgenics (15). Interestingly, despite the lack of
obvious sequence conservation between their corresponding
genomic regions, murine Sox10 regulatory elements drive reporter
expression in transgenic zebrafish in similar spatial, but not com-
pletely overlapping temporal patterns, to those observed in trans-
genic reporter mice (9). Rather than using conventional sequence
conservation approach, the search for conserved smaller motifs in a
constrained arrangement has led to identification of a zebrafish
Sox10 enhancer, further confirming that regulatory factors con-
trolling Sox10 expression across vertebrates appears conserved
(10). Assaying two smaller fragments, each containing one identi-
fied conserved region, revealed that they activated EGFP expres-
sion in spatially distinct populations and in temporally distinct
manners. A 600-bp Sox10E1 fragment lacked activity in emigrating
or migrating cranial crest (Fig. S1 4 and D). It was first active in
migrating vagal crest at HH15 (Fig. 2C) and in trunk crest, otic
vesicle, and condensed trigeminal ganglia (Fig. 2 D and E), but did
not drive EGFP expression in delaminating vagal or trunk NC.
Systematic deletions within the Sox10E region revealed a second
active region: a 264-bp minimal enhancer fragment, Sox10E2,
comprised of an essential highly conserved 160-bp core and sup-
porting elements within 59-bp upstream thereof (Fig. S2). In con-
trast to the late-activating Sox10E1, Sox10E2 displayed enhancer
activity as early as HH8+ in the first cranial crest emigrating from
the neural tube, mimicking Sox10E activity (Fig. 1B) that intensified
through HH9 (Fig. 2B). At HH12 to -15, Sox10E2 reporter
expression was maintained in periocular crest, rostral hindbrain
streams, and otic vesicle (Fig. S1 B and E), but absent from caudal
hindbrain or trunk levels (Fig. S1 B, C, E, and F). Just as Sox10E
displays regulatory activity within the branchial arches, Sox10E2
drives EGFP expression in the rostral hindbrain crest populating the
first two arches (Fig. S1 B and E), and Sox10E1 is active in the vagally
derived (r6-18) crest of posterior branchial arches (BA3-5) (Fig.
2D). In contrast, endogenous Sox10 is down-regulated on entering
the arches (Fig. 1J). This ectopic expression suggests loss of a
repressor element from the Sox10E fragments. The results show
that both cis-regulatory fragments (Sox10E1 and E2) can regulate
Sox10 expression in neural crest and otic regions, but in spatially and
temporally distinct patterns. Interestingly, each reflects a portion of
endogenous Sox10 expression, which initiates in a rostrocaudal
temporal sequence (Fig. 2E). Fragment Sox10EL1 is conserved and
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Fig. 2. Sox10E contains distinct cranial and vagal/trunk regulatory ele-
ments. (A) Schematic diagram representing dissection of Sox10E fragment,
located ~1-kb downstream of Sox10 locus (UTR in yellow). Two smaller active
regulatory fragments embedded within Sox10E, Sox10E1, and E2, each
contain a conserved region (red bar) with 70% sequence homology between
amniotes. (B) Sox10E2 drives expression in delaminating CNC (arrows) at HH8+;
(C) Sox10E1 is first active in migrating VNCat HH15. (D) Sox10E1 activity persists
in migrating VNG, trunk neural crest (arrow), and branchial arches 3 to 5
(arrowhead). (E) Table S1 summarizes distinct temporal (HH9-18) and spatial
(cranial/vagal/trunk) regulatory activity of Sox10E1 and E2. (Red —) no expres-
sion; (green +) EGFP reporter expression.

exhibited similar expression to a previously identified mouse D6
enhancer (Fig. 24) (11). In contrast, no conserved region homolo-
gous to Sox10E2 has been reported.

Binding Motifs for SoxE, Ets, and Myb Are Necessary for Sox10E2
Regulatory Activity. To identify putative transcription factor binding
sites within the 264-bp Sox10E2 regulatory fragment, the corre-
sponding sequences from human, mouse, rat, opossum, and Xenopus
genomic regions were aligned to chicken and screened for conserved
motifs. Concomitantly, sequences were analyzed for known tran-
scription factor consensus sites using Transfac 7.0, rVista, and Jaspar
programs. This alignment revealed three highly conserved binding
motifs (100% across amniotes), two for SoxE proteins and one for
Ets factors. Conservation of other putative binding motifs ranged
from 50 to 80% (Fig. 34). Computationally identified binding motifs
within Sox10E2 were tested for function via mutation/deletion
analyses. Mutated versions of Sox10E2-EGFP constructs were gen-
erated for individual putative binding motifs, electroporated into
chicken embryos, and analyzed after 10 to 12 h (HH10-12).
Mutation of a putative Ets binding motif within the enhancer
core (M9) (Fig. 34) completely abolished Sox10E2 expression (8/
8) (Fig. 3C). Similarly, reporter activity in CNC (Fig. 3B) was
eliminated upon mutation of either SoxE binding site within the
essential core region (M8, M11) (Fig. 34), indicating both were
required for its activity (13/13) (Fig. S3B). Interestingly, there are
two putative binding motifs for Myb factors in Sox10E2, one within
the core and the other in the upstream, adjacent, supporting region
(M2, M12) (Fig. 34), each contributing to regulatory activity.
When both were replaced with random sequences, this double
mutation completely abolished reporter expression (7/7) (Fig.
S3C) . Individual mutation of other computationally identified

3572 | www.pnas.org/cgi/doi/10.1073/pnas.0906596107

Pax (M1} Myb (M2) Pax (M3)
A Chicken -§gagtggcaat tta----acctabaactgftoagetty----- taggaftytga

Human \ggcaggtgcteggtoct tyctapagetgatga-cttgeccageaggaptotad
Lga5Egg et agy- - - - -gotofigtig toc-cttgcocaacaggyptctid

Mouse ===

Rat
Cpossum ===
X. tropicalis ===

Chicken

%. tropicalis

Chicken ctqtq-'E._‘_ll—ccgqc T T

Pax (M5 NFKB1 (MB)/Pax (M7)
gecactglafgsggatocdaftoncightasgo-------. agcaggag
Human tgot g gotogaagoaggtc
ot i o
Rat ccacgbttcctget gagtectegat te
Opossum ctatgbttcctggag g4apgg9gy: aitaq te
X. tropicalis smmessl SO e m———— - =

SoxE |
Chicken caggga-acaajaggtgattt
Human ett ggtggett
Mouse cctagg tggott.
Rat cotagg: ggott.

Opossum ggttt
X. tropicalis e

Eis (M3) NFKB s‘mo) SoxE (M11) Myb(M12)

Chicken ccagctotggecagagfggaageggggafttocpbagcaacetgctea--ggdcacana
e i f )
Rat L cceccact: 4
Opossun
X. tropicalis

Mouse

A tgggggfttockt oot
--hogaas tgaaggfttechh ggtanceagetecceggdeacanal
SoxD (M13)
Chicken tcta-gggggaagcaat
Human totgottggeaggoage
Mouse tetgetgageaggeage
Rat tctgctgageaggoage
Opossum  totgotgggsaggcage
X. tropicalis =s=sssss=sscsesse=s

SoxE(M8,11)/Ets(M9)

Control Ets(M9 SoxD(M13) Pax(M1,3,5,7) IMyb(M2,12)
.' F

Fig. 3. Sox10E2 transcriptional inputs. (A) Schematic diagram showing
sequence alignment of 264-bp Sox10E2 region; essential core region shaded in
yellow. Colored frames indicate computationally identified putative tran-
scription factors binding motifs. Mutations M1 to M13 were replaced by random
sequences. Faded sequence shows a 45-bp region deleted or replaced by mCherry
coding sequence. Highlighted in blue are conserved nucleotides within putative
binding motifs. Single dashed lines indicate absent bases in the alignment and
thick dashed lines nonalignable sequences. Thick solid underlines delineate
Sox10E2 subfragments used in EMSA and pull-down assays. Sox10E2-driven EGFP
expression in CNC (B) is abolished upon mutation of an Ets1 binding motif (C), but
only decreased after mutation of putative SoxD motif (D), and not affected by
simultaneous mutation of four putative Pax sites (E). (F) Simultaneous inactiva-
tion of SoxE, Ets, and Myb binding sites (M2, M8, M9, M11, M12) within a large
genomic region abolishes reporter expression in delaminating CNC.
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motifs only reduced enhancer activity. Perturbations of SoxD
(M13;10/10), Elk/Ets (M4; 7/7), and single Myb (M2,M12; 6/6)
sites diminished EGFP signal intensity (Fig. 3 4 and D and Fig.
S3D), suggesting they enhance regulatory function. In contrast,
several mutations had no effect; that is, simultaneous mutation of
four putative Pax binding sites (M1, M3, M5, M7; 7/7) (Fig. 34 and
E), deletion of 45 bp within the core region 11/11) (Fig. 34, faded
portion), or mutation of either NF«B binding site (M6, M10; 6/6)
(Fig. S3E). Taken together, these results show that SoxE, Ets, and
Myb binding motifs are each necessary for Sox10E2 regulatory
function. In addition to NC expression, these mutations also
affected expression of the Sox10E2 reporter in the otic placode.
We tested whether SoxE, Ets, and Myb binding sites, within the
264-bp Sox10E2 fragment, are essential for regulatory activity of a
larger construct from the Sox70locus. To this end, we mutated these
same sites (M2, M8, M9, M11, M12) (Fig. 34) within a much larger
genomic fragment (~3.5 kb) to test whether other genomic regions
surrounding these enhancers could compensate for the loss of
activity. Whereas the full-length, nonmutated construct gave robust
GFP staining that recapitulated endogenous Sox10 expression,
reporter activity in delaminating NC was completely eliminated in
the same construct bearing mutations in SoxE, Ets, and Myb binding
sites within Sox10E2 (6/6) (Fig. 3F). As expected, later reporter
expression was observed in migrating vagal and trunk NC, because
the mutated version still contained an intact Sox10E1 enhancer.
These results strongly suggest that 264-bp Sox10E2 fragment rep-
resents an essential regulatory module, and that binding sites for
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SoxE, Ets, and Myb proteins within the context of the Sox10 locus
are absolutely required for early Sox10 expression.

Knock-Down of Ets1, cMyb, or Sox9 Diminishes Sox10E2 Regulatory
Activity. To test if Ets1, cMyb, and Sox9 transcription factors are
required for exogenous Sox10E2 regulatory activity in delami-
nating NC, we coelectroporated either Etsl, cMyb, or Sox9 mor-
pholino with the Sox10E2 reporter construct. The right side of
each embryo received morpholino plus Sox10E2 reporter, whereas
the left side received reporter plasmid alone. When the reporter
construct was coelectroporated with control morpholino, reporter
signal on the right side was unaffected and comparable to the
contralateral side (10/10) (Fig. 4 A-C). Conversely, in the presence
of cMyb (11/15) (Fig. 4 D-F), Etsl (13/15) (Fig. 4 G-I), or Sox9
morpholino (15/15) (Fig. S4) expression was greatly decreased or
abolished. These results show that Etsl, cMyb, and Sox9 are
independently required for the normal Sox10E2 regulatory activ-
ity, therefore making them good candidate factors responsible for
the initial regulation of Sox10 through the identified Ets, Myb, and
SoxE functional binding motifs within Sox10E2.

Knock-Down of Ets1, cMyb, or Sox9 Diminishes Endogenous Sox10
Expression. Although c¢Myb transcripts have been detected in
early embryogenesis (16), their distribution was unknown and
has not been described within the context of the NC gene reg-
ulatory network. Our results, using in situ hybridization, show
that cMyb is expressed at stage HHG6 in the neural plate border
(Fig. 4/), and that transcripts accumulate in the neural folds by
HHS, with strongest expression at the dorsal margins containing
NC precursors (Fig. 4 K and K’). At HH10, transcripts are seen
in neural crest cells delaminating and emigrating from the cra-
nial neural tube (Fig. 4 L and L’). Thus, cMyb, like Sox9 (Fig.
4M) and Ets] (Fig. 4N), is expressed in presumptive CNC before
Sox10. The presence of cMyb at the neural plate border and
premigratory NC illuminates a previously undescribed role, at
the onset of SoxI0 expression, in NC cell specification. Its initial
expression coincides with that of early NC specifiers, such as AP-
2, c-Myc, or Snail2. Furthermore, overexpression of cMyb up-
regulates Msx! and Snail2, and may participate in BMP4 input
into the epithelial-mesenchymal transition of trunk NC (16).

We performed in vivo validation that endogenous Ets1, Sox9, or
cMyb proteins are required as upstream regulators of Sox10 in
delaminating crest in vivo by examining the effects of cMyb, Ets1,
or Sox9 morpholinos on endogenous Sox!0 expression at HH8 + 9.
The results reveal a dose-dependent effect on Sox10 expression on
the electroporated versus contralateral side. We observed a mild
diminution when individual morpholinos were electroporated at 1
mM (Sox9 3/3; cMyb 9/10; Ets1 7/10), but a marked decrease at 3
mM (Sox9n =5,cMyband Etsln = 6, P <0.02) (Fig. 54-C, E-G).
The effect of cMyb knockdown was less strong than either Ets1 or
Sox9 inactivation (phenotypes ranging from 50% to 75% loss in
Sox10 transcript). In contrast, electroporation of a control mor-
pholino had no effect (10/10) (Fig. 5 L and M) and coelectropo-
ration of morpholinos with the corresponding mRNAs mutated
within the morpholino target region successfully rescued the loss-
of-function phenotype (Sox9,n = 6, P < 0.03;cMybn =5, P <0.04;
Etsl,n =5, P < 0.03) (Fig. 5 I-K). No statistically significant dif-
ferences were noted in phosphohistone H3 or TUNEL staining
between electroporated and control sides of embryos receiving
either individual or all three morpholinos (~3 mM). Thus, changes
in cell proliferation or cell death cannot account for loss of Sox10
transcript (Fig. S5). The cumulative results suggest that Sox9,
cMyb, and Etsl are each required for expression of endogenous
Sox10. Importantly, the combined electroporation of all three
morpholinos virtually eliminated transcript expression on the
electroporated side (n = 6, P < 0.01) (Fig. 5 D and H). Our data
confirm that Sox9, cMyb, and Ets1 together are necessary for ini-
tial activation of SoxI0.
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Sox9 Ets1

RS

HHE % HHe

Fig. 4. Ets1 and cMyb are necessary for activation of Sox10E2 element. (A)
Control morpholino (Right; red) has no effect on Sox10E2-driven Cherry (B)
(green) compared to nonelectroporated (Left) side. cMyb MO (D) significantly
reduces, whereas Ets1 MO (G) abolishes Sox10E2-driven Cherry expression, (E
and H, respectively; C, F, and /| are merged images of A/B, D/E, and G/H,
respectively). White dotted lines indicate the midline. Green/red channels are
inverted for consistency. (J-L) Endogenous cMyb, Sox9, and Ets1 expression
precedes that of Sox70. At HH6, cMyb is expressed within the neural plate
border (J) and confined to dorsal neural folds by HH8 (K and K’, arrowheads).
At HH10, cMyb is observed in migrating neural crest (L and section at dotted
line, L’ arrows). At HH8, before Sox10 onset, Sox9 (M) and Ets1 (N) are
expressed by presumptive CNC in the dorsal neural tube.

Sox9, Ets1, and cMyb Ectopically Activate and Are Required for
Sox10E2 Reporter Expression. All three SoxE genes, Sox8, Sox9, and
Sox10 are expressed by NC progenitors (17). Because these genes
can act redundantly (18-20), theoretically any of them could
activate the Sox10E2 reporter construct within the endogenous
context. In all vertebrates examined, however, Sox9 expression
precedes Sox10 (8, 10, 11, 21); for example, chick Sox9 is
expressed in dorsal neural folds as early as HHS, before either
Sox10 or Sox8 (22). This narrow (4-6 h) time delay and our Sox9
knock-down results suggest that Sox9 directly regulates Sox10 and
is responsible for initiating its expression. To test if Sox9 acts via
the identified Sox10E2 regulatory element, Sox9 protein was
ectopically expressed using a ubiquitous H2B-RFP expression
vector. Whereas no ectopic reporter expression was seen when the
Sox10E2 reporter was coelectroporated with control plasmid (9/
9) (Fig. 6 A and F), coelectroporation with Sox9 plasmid caused
ectopic reporter activity in the extra-embryonic region (6/6) (Fig.
6 B and G). Similar results were obtained when cMyb was
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Fig. 5. Sox9, cMyb, and Ets1 are required for endogenous Sox10 expression in
delaminating CNC cells. HH8+ embryos with unilateral electroporation of Sox9
(A and E), cMyb (B and F), and Ets1 (C and G), but not of control (L and M)
morpholino (MO) (green) show significant decrease in endogenous Sox10
expression in delaminating CNC compared with nonelectroporated side. Coe-
lectroporation of Sox9, cMyb, Ets1 MOs completely abolish endogenous Sox10
expression (D and H). Showing specificity, the effect is rescued by morpholino
coelectroporation with corresponding expression construct (/, J, and K). (K).
Statistical relevance by x? test of MOs on Sox70 expression was P < 0.02; of
rescues was P < 0.03 (Sox9; Ets1) and P < 0.04 (cMyb).

ectopically expressed (3/3) (Fig. 6 D and I). Because Sox9 is
expressed only transiently in migrating NC cells, it is likely that
Sox10 or Sox8 later act to maintain Sox0 expression.

Interestingly, coelectroporation of EtsI plasmid with Sox10E2
reporter resulted in ectopic reporter activation not only in extra-
embryonic regions but also in the trunk neural tube, which
normally does not express Etsl (2) (12/12) (Fig. 6 C and H
arrowheads). In the embryo, Etsl plays a role in cranial neural
crest delamination and appears to mitigate the requirement for
S-phase synchronization to promote crest emigration in a cluster-
like fashion. Moreover, ectopic expression of Etsl in the trunk
results in excess, cluster-like emigration of Sox!0-expressing cells
(23). Because expression of both Ets! and the Sox10E2-driven
reporter is cranial-specific, it is intriguing to speculate that this
newly identified element may act as one of the switches dis-
tinguishing head and trunk crest populations. Because Sox9 and
cMyb, but not EtsI, are normally expressed in the trunk neural
tube (2, 16, 22), ectopic Etsl in this location may cooperate with
these other factors to induce reporter expression. In support of
this theory, combined overexpression of Sox9, Ets1, and cMyb has
a broader effect and induces strong ectopic Sox10E2 expression
not only extra-embryonically, but also along the neural tube, and
in the ectoderm (5/5) (Fig. S6 A and D).

Sox9, Etsl, or cMyb are each sufficient to trigger ectopic
Sox10E2 enhancer activity. However, mutation of individual
binding motifs or knock-down of individual factors in the endog-
enous context shows that all three factors are necessary for normal
Sox10E2 regulatory activity. Because ectopic reporter activity
driven by overexpression of individual transcription factors occurs
mainly in the extra-embryonic region, we speculate that these
naive cells may already contain regulatory factors characteristic of
multipotent tissue and are, thus, competent to switch on a NC-like
transcriptional program in response to the proper single inputs.

To test if regulatory activity is mediated via the corresponding
binding motifs of Sox9, Etsl, and Myb within the Sox10E2
enhancer, we assayed their ability to ectopically activate mutated
reporter constructs. Either Sox9-H2B RFP (6/6) or cEts1-H2B
RFP (6/6) were coelectroporated with Sox10E2 construct with
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Fig. 6. Overexpression of Sox9 (Band G), Ets1 (Cand H), or cMyb (D and /), but
not of control plasmid, pCl H2B-RFP (A and F), ectopically activates Sox10E2-
driven EGFP expression in extra-embryonic ectoderm (white arrows). In H,
arrowheads show ectopic expression in posterior neural tube. Misexpression
of Ets1 (E) fails to activate ectopic EGFP expression (J, arrows) in mutated
Sox10E2 construct lacking an Ets binding motif (M9). (K) EMSA shows a clear
band shift (white arrowhead) when nuclear extracts containing overex-
pressed Sox9, Ets1, or cMyb proteins are combined with Sox10E2 subfrag-
ments, S11, 59, and S2, respectively (Lane 7). This binding is outcompeted when
excess nonlabeled probe is added (Lane 2) and absent from nuclear extracts
from control plasmid-transfected cells (Lane 3). (L) Biotinylated Sox10E2 sub-
fragments (S8, S11-Sox9, S4, S9-Ets1, and S2, S12-cMyb), as well as scrambled
control fragments and noncoated Dynal streptavidin beads, used as bait in a
DNA pull-down assay, show specific transcription factor binding as analyzed
on a Western blot. (M) Direct binding of Ets1, cMyb, and Sox9 to the Sox10E2
enhancer elementin vivo as assessed by qChIP. Binding to Sox10E2 (red bars) or
control region (gray bars) was assessed with two primer sets for each region
and expressed as relative enrichment of target over control antibody; graph
reflects mean + SD from a representative experiment. qChIP was performed
three to four times for each factor. Enrichment relative to input DNA from all
independent experiments is presented in Fig. S8.

corresponding binding-motif mutations. In all cases, electro-
porated embryos lacked ectopic reporter expression (Fig. 6 E
and J). However, ectopic reporter expression was also affected
when overexpressing either Etsl, cMyb, or Sox9 with other
Sox10E2 versions containing mutations within noncognate biding
sites. For example, when Sox9 and cMyb were overexpressed and
combined with a Sox10E2 reporter carrying a mutation within
the Ets motif (M9), ectopic reporter expression in the extra-
embryonic region was not observed (6/6) (Fig. S6 B and E). If
Sox9 and Etsl were overexpressed together with a Sox10E2
carrying a single mutated Myb site (M12), ectopic reporter
expression was weak (3/3) (Fig. S6 C and F). This result shows
that for the Sox10E2 enhancer to have ectopic regulatory
activity, all binding sites need to be functional and suggests a
cluster-like conformation of the motifs and synergistic action of
the corresponding upstream regulators.

Sox9, Ets1, and cMyb Directly Bind to the Sox10E2 Element. We next
tested if Sox9, Etsl, and cMyb can bind directly to the corre-
sponding motifs within the Sox10E2 element. First, we performed
EMSA assays using biotinylated double-stranded oligonucleotides
containing the corresponding Sox10E2 subfragments (underlined
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in Fig. 34). A clear electrophoretic shift was observed in samples
incubated with nuclear extracts from chicken embryonic fibro-
blasts overexpressing Sox9, Ets1, or cMyb, but not from the cells
transfected with control plasmid (white arrowheads in Fig. 6K).
This binding was out-competed by adding 200-fold excess of the
corresponding nonlabeled (cold) fragment to the binding reaction,
showing specificity. Next, we confirmed the identity of the tran-
scription factors directly binding to Sox10E2 subfragments using a
streptavidin-biotin DNA pull-down approach followed by West-
ern blot with specific antibodies. Using biotinylated target and
scrambled control fragments as bait, we show that specific sub-
fragments pull down corresponding binding proteins (Sox9, Etsl,
and cMyb) from the embryonic nuclear extracts. Conversely, non-
coated streptavidin-conjugated magnetic beads or beads coated
with scrambled control fragments display no specific protein
binding (Fig. 6L). See also Fig. S7.

Finally, we tested direct binding of these transcription factors to
the Sox10E2 enhancer in vivo using quantitative ChIP (qChIP).
Crosslinked chromatin isolated from cranial regions of HHS to -12
somite embryos was immunoprecipitated using Sox9, Etsl, and
cMyb antibodies and ChIP-enriched DNA was used in site-specific
qPCR, with primers designed to amplify fragments within the
Sox10E2 region. Our results show significant (4-8 times) enrich-
ment over nonspecific antibody, indicating that the Sox10 locus
and, in particular, the Sox10E2 regulatory element, was occupied
by endogenous Sox9, Ets1, and cMyb proteins in the cranial region
of HHS to -10 chicken embryos (Fig. 6M). See also Fig. S8.

In summary, we have isolated and dissected a previously undo-
cumented regulatory module, being unique in representing a known
element responsible for driving gene expression in newly emigrating
CNC cells. Of the NC specifiers, Sox10 is a key regulator for spec-
ification of numerous genes important for NC migration and dif-
ferentiation (6, 7). Although Sox10-enhancer elements controlling
expression in NC derivatives and late migrating cells have been
noted in other species (11, 15, 24), this report is unique in doc-
umenting a regulatory elements controlling onset of any NC speci-
fier. We find that a cluster of transcription factors, Ets1, Sox9, or
cMyb directly converge onto this cis-regulatory element to regulate
the reporter and onset of endogenous SoxI0 expression in CNC
cells. This introduces and establishes the role of two unique NC
specifier genes, cMyb and Ets1, in the NC-GRN, and confirms Sox9
as an essential input into Sox10 specific activation at the cranial
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level. Such in-depth analysis combining perturbations of regulatory
sequences and their candidate upstream regulators—substantiated
with EMSA, DNA pull down, and ChiP assays—provides powerful
tools for identifying direct binding interactions and testing regu-
latory outcomes in vivo. By connecting upstream regulators of the
NC-GRN directly to Sox10 via the cranial crest enhancer Sox10E2,
we add previously undocumented elements to the NC-GRN and
expand our knowledge of its architecture.

Materials and Methods

Embryo Electroporations. Chicken embryos were electroporated ex ovo at
HH4 -8 and in ovo at HH10 -12 to target CNC and vagal or trunk NC,
respectively, following described procedures (13). Morpholinos used in this
study were obtained from Gene Tools.

Comparative Genomic Analyses and Cloning of Putative Sox10 Regulatory Regions.
Highly conserved genomic regions were identified using the ECR browser (http:/
rvista.dcode.org). Binding motifs were predicted using the Jaspar database (http:/
jaspar.genereg.net/cgi-bin/jaspar_db.pl) and P-Match program from Transfac
database (http://www.gene-regulation.com/pub/programs.html). Putative regu-
latory regions were cloned into the ptk-EGFP vector (12), ptk-Cherry and pCl H2B-
RFP constructs were generated for this study.

In Situ Hybridization. Whole-mount in situ hybridization was performed using
procedures previously described (25,26).

EMSA, Pull-Down Assays, and ChIP. EMSA was performed using LightShift
Chemiluminescent EMSA Kit (Thermo Scientific) following the manufacturer’s
instructions. Pull-down binding assays were performed using streptavidin
Dynal beads (Invitrogen) and the same biotin-labeled Sox10E2 subfragments
asin EMSA. In ChIP, chromatin prepared from cranial regions of 8 to 12 somite
embryos was immunoprecipitated using Ets1 (sc-350; Santa Cruz), Sox9
(ab71762, Abcam, and rabbit polyclonal, from M. Wegner) and cMyb anti-
bodies (16). For further experimental details see S/ Materials and Methods.
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