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Genetic studies have identified numerous sequence-spe-
cific transcription factors that control development, yet
little is known about their in vivo distribution across
animal genomes. We determined the genome-wide occu-
pancy of the dorsoventral (DV) determinants Dorsal,
Twist, and Snail in the Drosophila embryo using chro-
matin immunoprecipitation coupled with microarray
analysis (ChIP–chip). The in vivo binding of these pro-
teins correlate tightly with the limits of known enhanc-
ers. Our analysis predicts substantially more target genes
than previous estimates, and includes Dpp signaling
components and anteroposterior (AP) segmentation de-
terminants. Thus, the ChIP–chip data uncover a much
larger than expected regulatory network, which inte-
grates diverse patterning processes during development.
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Systematic genetic studies of embryonic development
have revealed a key role for sequence-specific transcrip-
tion factors in axis formation and cell differentiation (St
Johnston and Nusslein-Volhard 1992). However, it has
been difficult to unravel the detailed regulatory interac-
tions through which these transcription factors regulate

development. One of the best-studied gene regulatory
networks controls the dorsoventral (DV) patterning of
the Drosophila embryo (see Stathopoulos et al. 2002).
This network is initiated by a nuclear concentration gra-
dient of the NF-�B transcription factor Dorsal, which is
established by differential activation of the Toll receptor
in ventral and ventrolateral regions of precellular em-
bryos (for review, see Moussian and Roth 2005). The en-
suing Dorsal gradient leads to the differential regulation
of at least 50 target genes across the DV axis. Approxi-
mately 40 of these genes encode either sequence-specific
transcription factors or components of the Notch, EGF,
FGF, and Dpp signaling pathways, which further specify
diverse cell fates across the DV axis (e.g., see Stathopou-
los et al. 2002). More than 100 functional interconnec-
tions among these regulatory factors drive the initial
phases of DV patterning (Levine and Davidson 2005).

At the core of the DV patterning network are Dorsal
and the products encoded by two of its earliest target
genes, Twist and Snail. Twist functions as a basic helix–
loop–helix (bHLH) activator, while Snail is a zinc-finger
repressor. At least half of the tissue-specific enhancers
that are regulated by different levels of Dorsal also con-
tain binding sites for Twist and/or Snail (Stathopoulos et
al. 2002; Markstein et al. 2004). Our current understand-
ing of the DV patterning network is based on decades of
genetic screens (e.g., see Nusslein-Volhard et al. 1980),
investigations of genetic interactions (e.g., see Simpson
1983; Kosman et al. 1991; Leptin 1991), lacZ reporter
assays (e.g., see Jiang et al. 1991), in vitro DNA-binding
assays (e.g., see Huang et al. 1993), and more recently,
bioinformatics methods (Markstein et al. 2002, 2004; Pa-
patsenko and Levine 2005). This network has served as a
model for understanding axis formation, tissue specifi-
cation, and cell shape changes during gastrulation (Ip and
Gridley 2002). Nonetheless, the genome-wide physical
contacts through which the relevant transcription fac-
tors interact with the genome and regulate gene expres-
sion in vivo are essentially unknown.

Here we determine the genome-wide occupancy of
Dorsal, Twist, and Snail in the Drosophila embryo using
chromatin immunoprecipitation coupled with microar-
ray analysis (ChIP–chip). These assays accurately iden-
tify known DV enhancers and further identify several
hundred additional potential target enhancers, a dra-
matic increase over previous estimates. We present evi-
dence that a significant fraction of these enhancers is
functional, and suggest that extensive integration occurs
between diverse patterning networks, including those
controlling DV patterning and segmentation.

Results and Discussion

Known enhancers are bound by Dorsal, Twist,
and Snail

ChIP–chip assays were performed with antibodies di-
rected against Dorsal, Twist, or Snail on Toll10b mutant
embryos, aged 2–4 h. These embryos contain a constitu-
tively activated form of the Toll receptor, which results
in high levels of nuclear Dorsal protein and uniform ex-
pression of Twist and Snail throughout the embryo (e.g.,
see Stathopoulos et al. 2002). The high levels of Dorsal,
Twist, and Snail cause all cells to form derivatives of the
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mesoderm at the expense of neurogenic and dorsal ecto-
derm. Thus, these embryos represent a uniform cell type
with respect to DV fate.

The whole-genome ChIP–chip experiments reveal sev-
eral hundred strong binding clusters of Dorsal, Twist,
and Snail with up to 40-fold ChIP enrichment, most of
which span regions of ∼1 kb in length. To identify the
binding patterns of bona fide target enhancers of the Dor-
sal regulatory network, we first analyzed known enhanc-
ers. The 22 known enhancers fall into three classes—
type 1, type 2, and type 3—based on which levels of
nuclear Dorsal regulate their expression (Supplementary
Table S1; see Biemar et al. 2006).

The 10 type 1 enhancers (associated with twi, sna,
miR-1, htl, hbr, mes3, CG12177, ady43A, tin, and Phm)
are activated by peak levels of Dorsal in the presumptive
mesoderm, and are all constitutively activated in Toll10B

mutant embryos (e.g., see Stathopoulos et al. 2002; Bie-
mar et al. 2006). The ChIP–chip experiments identify
strong binding peaks (greater than fivefold enrichment)
of Dorsal, Twist, and Snail (DTS) within five of the 10
enhancers (twi, sna, miR-1, CG12177 and Phm) (Fig.
1A,B). Another three enhancers, those associated with
htl, tin, and ady43A, show significant but lower (less
than fivefold) binding peaks restricted to Twist and Snail
(TS) binding. This observation is consistent with earlier
studies indicating that these enhancers might be prima-
rily activated by Twist (Papatsenko and Levine 2005).
Hence, eight of the 10 known type 1 enhancers exhibit
significant in vivo occupancy by Twist and Snail.

An even greater correspondence between known en-
hancers and in vivo occupancy is seen for the type 2 [sim,
E(spl), vn, rho, vnd and brk] and type 3 enhancers (ths,
sog, ind, dpp, zen and tld), which are regulated by inter-

mediate and low levels of the Dorsal gradient, respec-
tively (Fig. 1C,D). All 12 enhancers are silenced in
Toll10B mutant embryos due to constitutive expression
of the Snail repressor (e.g., see Biemar et al. 2006). Re-
markably, every enhancer exhibits strong DTS or TS
peaks with greater than fivefold enrichment in the ChIP–
chip assays. Thus, ChIP–chip assays correctly identified
20 of the 22 known Dorsal target enhancers.

Genome-wide identification of putative target
enhancers

Most known DV enhancers are associated with overlap-
ping binding clusters of Dorsal, Twist, and Snail regard-
less of whether they mediate activation or repression.
Moreover, 17 of the 20 binding clusters at known en-
hancers display greater than fivefold enrichment of
Twist and/or Snail. Using these binding criteria, we
identified 428 high-confidence DTS regions and 433
high-confidence TS regions across the genome (see also
Supplemental Material).

To confirm these regions through independent evi-
dence, we performed sequence analysis on these regions
using the known consensus binding motifs of Dorsal,
Twist, and Snail. As expected, the identified regions are
highly enriched in all three binding motifs (Fig. 2). More-
over, a large fraction of the motifs is conserved across the
12 sequenced Drosophila species providing evidence that
the discovered regions are functionally important (Fig.
2). Finally, when motifs that are enriched in these re-
gions were identified de novo, the known binding motifs
can be rediscovered (Supplemental Material). Hence, the
regions we identified represent putative target gene en-
hancers of the DV network.

Identification of new DV enhancers

To show that newly identified regions indeed function as
enhancers in vivo, we selected putative enhancers of pri-

Figure 1. Drosophila ChIP–chip identifies known enhancers of
Dorsal, Twist, and Snail. Drosophila embryos, aged 2–4 h, from
Toll10b mothers were used to perform ChIP using antibodies against
Dorsal, Twist, and Snail. Most enhancers known to be regulated by
these factors were successfully identified, including type 1 target
genes sna (A), mir-1 (B), and type 2 target genes rho (C) and brk (D).
The graphs show unprocessed ChIP enrichment ratios (Y-axis) for
Dorsal (red), Twist (blue), and Snail (green), across chromosomal
regions (X-axis). Gene model (black arrow) and the known enhancer
(red) are shown below.

Figure 2. Enrichment of Dorsal-, Twist-, and Snail-binding motifs
in bound regions. Sequences from DTS and TS regions with greater
than fivefold ChIP enrichment were searched for the presence of the
known Dorsal (red), Twist (blue), or Snail (red) motifs, and the evo-
lutionary conservation of these motifs across the 12 sequenced Dro-
sophila genomes was determined (as percent of branch length
within the phylogenetic tree). The graph shows the fraction of re-
gions at each conservation cutoff (0%, 20%, 40%, 60%, 80%, and
100%). As a control, the same analysis was performed with regions
of identical length that were randomly distributed among intronic
and intergenic regions. Using a �2 test, the motif enrichment and
evolutionary conservation was highly significant for Dorsal
(p < 10−148), Twist (p < 10−228), and Snail (p < 10−306).
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mary DV genes; i.e., those genes that are expressed as
localized stripes across the DV axis (Stathopoulos et al.
2002; Biemar et al. 2006). In addition to the 22 known
DV enhancers, we identified 47 new putative enhancers,
some of which appear to regulate the same gene (Supple-
mentary Table S1). By attaching the genomic sequence
to a lacZ reporter and expressing the construct in trans-
genic embryos, we show that seven of these enhancers
are bona fide DV enhancers and that regulation by mul-
tiple enhancers occurs (Fig. 3; Supplemental Material).

The wntD gene is expressed in portions of the pre-
sumptive mesoderm where it mediates feedback inhibi-
tion of Toll signaling (Ganguly et al. 2005; Gordon et al.
2005). A cluster of DTS-binding peaks was identified in
the 5�-flanking region, and the corresponding genomic
DNA fragment mediates lacZ expression in the same
region of the mesoderm as the endogenous gene (Fig. 3A).
Similar results were obtained with the DTS-binding
cluster located in the 5�-flanking region of mes5/mdr49
(Supplemental Material).

The vnd locus contains a well-documented intronic
enhancer that mediates expression in the neurogenic ec-
toderm and recapitulates the spatial and temporal ex-
pression pattern of the endogenous gene (Stathopoulos et
al. 2002; Markstein et al. 2004). The ChIP–chip analysis
detected this enhancer but also revealed two novel clus-

ters further upstream (Fig. 3B). When tested for lacZ re-
porter activity, these novel genomic sequences directed
lacZ expression in a pattern resembling that of the en-
dogenous gene over different time periods: One directs
early vnd expression in the presumptive ventral neuro-
genic ectoderm (vNE) (Fig. 3C) while the other directs
later expression in the medial column (mc) (Fig. 3D) of
the developing nervous system. All three enhancers con-
tain evolutionarily conserved binding sites for Dorsal,
Twist, and Snail, suggesting that the enhancers are not
redundant but may function to fine-tune the vnd expres-
sion pattern. Overlapping enhancer activity was also ob-
served for multiple miR-1 enhancers (Supplemental Ma-
terial). Overall, as many as a third of all DV genes have
multiple binding clusters, and thus might be subject to
similar regulatory control.

Several of the occupied regions are associated with
Dpp target genes expressed in the dorsal ectoderm. When
the tup and pnr intronic sequences are tested in trans-
genic embryos, both fragments function as authentic en-
hancers and direct localized expression in the dorsal ec-
toderm, comparable to the endogenous tup and pnr ex-
pression patterns (Fig. 3E; Supplemental Material). These
results suggest that the Dorsal patterning network di-
rectly regulates the expression of Dpp target genes (see
below).

Connections between the DV
and the anterioposterior (AP)
patterning networks

We noticed that many of the new DTS/TS clus-
ters are associated with AP genes involved in seg-
mentation (Supplementary Table S2). Although
classical genetic studies argue that AP and DV
patterning of the early embryo are controlled by
separate maternal genetic programs (for review,
see St Johnston and Nusslein-Volhard 1992), it is
conceivable that the expression of AP target
genes is modulated by the DV network. Indeed,
DV modulation of segmentation gene expression
has been observed previously (e.g., see Carroll et
al. 1987; Liaw and Lengyel 1993; Rothe et al.
1994; Gao and Finkelstein 1998).

The gap gene orthodenticle (otd) is expressed in
two stripes across the AP axis in the early em-
bryo. The anterior stripe shows diminished ex-
pression on the ventral side (Fig. 4A). Previous
studies identified a 5� enhancer that recapitulates
the normal expression pattern, including Dorsal-
dependent suppression in ventral regions (Gao
and Finkelstein 1998). ChIP–chip identified a
strong DTS cluster within the limits of this en-
hancer (Fig. 4A). A similar DV bias in the expres-
sion pattern was found for the gap gene tailless
(tll) (Fig. 4B) and the pair-rule genes runt and
hairy (Fig. 4C,D). In each case, the regions iden-
tified by ChIP–chip overlap or map close to
known regulatory regions (Pankratz et al. 1990;
Butler et al. 1992; Liaw and Lengyel 1993)
and contain several Dorsal-binding motifs (Fig.
4B–D).

At the gap gene knirps, a DTS-binding cluster
was found in a region distinct from the known
Bicoid-dependent enhancer (Fig. 4E; Pelegri and
Lehmann 1994). This newly identified genomic

Figure 3. Identification of novel DV enhancers. ChIP–chip data identified en-
hancers for the DV genes wntD (A), vnd (B–D), and tup (E). The left column
shows the ChIP enrichment ratios of Dorsal (red), Twist (blue), and Snail (green).
Bar, 2 kb. The tested enhancer (arrow) is shown with transcription factor motifs
below (Dorsal site, red square; Twist site, blue triangle; Snail site, green circle;
shading corresponds to their conservation across the 12 sequenced Drosophila
genomes). The pattern of enhancer-driven lacZ expression in transgenic em-
bryos (middle column) resembles that of the respective endogenous genes (right
column). Unexpectedly, in addition to the previously known vnd enhancer (B),
two regulatory regions (C,D) were identified that drive lacZ expression in sub-
sets of the endogenous vnd expression pattern: The region in C drives early
expression in the vNE, while the region in D drives later expression in the
medial column (mc). Embryos are oriented anterior to the left, dorsal is up.
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region functions as a bona fide enhancer directing ex-
pression in the anteroventral domain like endogenous
knirps (Fig. 4E). Thus, the ChIP–chip analysis identified
novel AP regulatory regions modulated by DV activity.

In summary, many segmentation genes contain DTS/
TS-binding clusters, and at least some of these regions
modulate gene expression across the DV axis, particu-
larly in anterior regions of the embryo. We conclude that
the Dorsal gradient does not only regulate primary DV
target genes, but rather appears to fine-tune a large num-
ber of genes that do not contribute to DV axis formation
themselves, at least based on their known genetic func-
tion.

Broad integration of patterning networks

Many DTS/TS-binding clusters are also found at genes
encoding signal transduction components (Supplemen-
tary Table S3). Analysis of the network formed by these
pathways suggests that the Dorsal gradient controls the
expression of many target genes by multiple regulatory
pathways (Fig. 5).

Dorsal directly represses Dpp expression in the meso-
derm and neuroectoderm, leading to localized Dpp sig-
naling in the dorsal ectoderm (Huang et al. 1993). Dpp
activates a variety of genes, including tup and pnr. Our
accurate identification of intronic tup and pnr enhancers
suggests that these genes are directly regulated by the
Snail repressor (Fig. 3E), in addition to indirect regulation
by the Dorsal gradient via Dpp signaling (Fig. 5A). zen is
another well-known target gene of Dorsal in the dorsal
ectoderm, and its product, a homeodomain transcription
factor, functions synergistically with Dpp signaling (e.g.,
see Xu et al. 2005). Target genes of Zen also appear to be
subject to additional regulation by the Dorsal gradient
(Fig. 5B). In the dorsal ectoderm, Dorsal may regulate
gene expression by two mechanisms: direct repression
(Kirov et al. 1993), and indirect repression via Snail (Fig.
5C).

Similar network configurations regulate gene expres-
sion in the neuroectoderm. High levels of Dorsal repress
the expression of rho via Snail in the mesoderm (e.g., see
Zinzen et al. 2006), thereby blocking EGF signaling in
Toll10b mutant embryos. Our ChIP–chip data suggest
that the Dorsal network regulates additional genes en-
coding EGF signaling components as well as EGF target
genes such as pnt, aop/yan, and argos (Fig. 5D). In the
case of Notch signaling, it is known that the Dorsal net-
work represses Notch target genes such as sim in Toll10B

mutant embryos through Snail (e.g., see Markstein et al.
2004). The Dorsal network may also regulate Notch sig-

Figure 4. Regulation of AP genes by Dorsal, Twist, and Snail.
ChIP–chip binding data of Dorsal (red), Twist (blue), and Snail
(green) at the loci of AP-regulated genes are shown in the left col-
umn (fold enrichment is indicated on the Y-axis): otd (A), tll (B), run
(C), h (D), and kni (E). Bar, 2 kb. The presence of binding motifs and
their conservation across the 12 sequenced Drosophila genomes at
the occupied regions are indicated below the graphs (Dorsal site, red
square; Twist site, blue triangle; Snail site, green circle). Many iden-
tified regions overlap with previously identified regulatory regions
(light blue). Association with, and hence regulation by, Dorsal,
Twist, and Snail may be responsible for the DV modulation exhib-
ited by these AP genes, as shown in the right column (arrows).
Embryos are oriented anterior to the left, dorsal is up.

Figure 5. Integration of new putative target genes into the Dorsal
network. Many newly identified putative target genes of Dorsal,
Twist, and Snail are genes that were previously thought to be in-
duced further downstream in the DV patterning network. Thus,
Dorsal appears to regulate many target genes both directly and in-
directly (a configuration also known as a feed-forward motif) in the
suppression of dorsal ectodermal fate (A–C) and neurectodermal fate
(D–F). Newly identified connections are marked by a star. Examples
of such configurations are shown for target genes of Dpp signaling
(A), which are also directly regulated by Dorsal; target genes of the
transcription factor Zen (B), which are also directly regulated by
Dorsal; target gene suppression by Dorsal (C), which can also be
mediated by Snail; targets of EGF signaling (D), which are regulated
by Snail at multiple levels; targets of Notch signaling (E), which are
also regulated by Snail at multiple levels; and suppression of target
genes by Snail or through induction of microRNAs (F). The regula-
tory relationship (activation, arrow; repression, orthogonal bar) of
new connections was inferred based on the tissue-specific expres-
sion patterns of the target genes (Stathopoulos et al. 2002; Biemar et
al. 2006).
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naling more directly, by suppressing genes encoding
components of the signaling pathway including Notch
itself (Fig. 5E).

Although repression of neuroectodermal target genes
is likely to occur predominantly through Snail, Dorsal
also induces the expression of a number of microRNAs
in Toll10b mutant embryos, including miR-1 (Biemar et
al. 2005; Sokol and Ambros 2005). We found that some of
the neuroectodermal genes repressed by Snail are also
predicted targets of these microRNAs (Fig. 5F). Hence,
there may be multiple tiers of repression in the DV sys-
tem, similar to the activities of the gap repressors in the
AP system (e.g., see Clyde et al. 2003).

In summary, the present ChIP–chip study revealed an
unexpectedly broad distribution of binding peaks for
Dorsal, Twist, and Snail in the genome, and suggests
extensive integration of the Dorsal regulatory network
with additional patterning processes, such as Dpp signal-
ing in the dorsal ectoderm and segmentation across the
AP axis. In addition to the observed tight correlation
between binding peaks and known enhancers, two lines
of evidence suggest that a significant fraction of the
newly identified regions is functional: First, the bound
regions are highly enriched in evolutionarily conserved
Dorsal, Twist, and Snail sequence motifs; and, second,
several of the identified enhancers were experimentally
confirmed by lacZ reporter gene expression in transgenic
embryos. Thus, while genetic studies identified core sets
of regulators for each developmental process in Dro-
sophila, we found that gene regulation integrates infor-
mation more widely from several different systems. It is
likely that integration of diverse patterning processes
will also apply to mammalian development, including
stem cell differentiation.

Materials and methods

ChIP–chip experiments
The ChIP–chip protocol was developed based on protocols from the
Young and Maschat laboratories (Chanas et al. 2004; Lee et al. 2006; see
Supplemental Material). Cross-linking of the embryos was performed for
5 min in a 5% formaldehyde/hexane solution (Toth and Biggin 2000). The
Cy5-labeled amplified immunoprecipated DNA and the Cy3-labeled am-
plified input DNA were hybridized to whole-genome Drosophila arrays
using the CGH protocol and CGH reagents provided by Agilent Tech-
nologies.

Drosophila whole-genome array design
A set of 11 arrays was designed to cover the entire non-repeat-masked
euchromatic regions of Drosophila melanogaster. This was achieved by
446,931 features (60mers) that were spaced on average ∼280 base pairs
(bp) from each other. Eight-hundred-sixty-six control spots (oligos from
desert regions, the middle of long exons, Arabidopsis thaliana, and re-
petitive sequences) were added to each array. The array was printed by
Agilent Technologies.

Drosophila stocks
ChIP assays were performed on 2–4-h Toll10b embryos (Stathopoulos et
al. 2002). P-element transformations and in situ hybridizations were per-
formed with the yw67 wild-type strain as described (e.g., see Stathopoulos
et al. 2002).

Antibodies and beads
Polyclonal antibodies were raised against the HIS-purified (1) N-terminal
50 amino acids of Dorsal in rabbits, (2) full-length Twist in rats, and (3)
full-length Snail in guinea pigs (Zinzen et al. 2006). Antibodies were
preabsorbed overnight against ∼12–24-h embryos (Dorsal), or against
overnight collections of dorsalized embryos derived from the gd7/FM3

strain (Stathopoulos et al. 2002). The antibodies were then incubated
with magnetic Dynabeads coated with protein A (Dorsal, Snail) or pro-
tein G (Twist) overnight.

Data processing
Processing of the raw data through an error model and identification of
bound regions were performed as previously described for yeast (Pok-
holok et al. 2005). To identify DTS and TS regions, the union of Twist
and Snail regions was determined and regions with an at least fivefold
enrichment of either Twist or Snail were selected. Regions with at least
twofold enrichment of Dorsal qualified as DTS regions and the remaining
regions were called TS regions.

Gene assignment
First, the bound regions located within 2 kb from known gene models
were assigned to that gene. The remaining binding regions were then
assigned to the gene with the closest transcription start site.

Motif analysis
The binding motifs for Dorsal, Twist, and Snail used for the analysis were
obtained from Markstein et al. (2002, 2004), Papatsenko and Levine
(2005), Zinzen et al. (2006), Jaspar (MA0022, MA0023, MA0086), and
Transfac (M00043, M00120, M00044, M00060). The motifs were
matched to the genome of D. melanogaster and the orthologous regions
of 11 additional sequenced drosophilid genomes. Conservation was as-
sessed by the relative total branch length (substitutions per neutrally
evolving site) of the phylogenetic tree connecting D. melanogaster with
the other species.

Cloning, injection, and visualization of enhancers
DNA fragments were PCR-amplified from genomic DNA (for primers,
see Supplemental Material), T/A-cloned into the Promega pGEM T-Easy
vector, and subcloned via NotI into the gypsy-insulated pCaSpeR vector
E2G (Markstein et al. 2004). Each construct was introduced into the
germline by microinjection and three to eight independent transgenic
lines were tested. Embryos were collected and fixed according to standard
methods, hybridized with digoxygenin-labeled antisense RNA probes
against lacZ or the endogenous gene, and visualized colorimetrically
(Jiang et al. 1991).
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