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Embryogenesis is controlled by large gene-regulatory networks, which generate spatially and temporally
refined patterns of gene expression. Here, we report the characteristics of the regulatory network orchestrating
early mesodermal development in the fruitfly Drosophila, where the transcription factor Twist is both
necessary and sufficient to drive development. Through the integration of chromatin immunoprecipitation
followed by microarray analysis (ChIP-on-chip) experiments during discrete time periods with computational
approaches, we identified >2000 Twist-bound cis-regulatory modules (CRMs) and almost 500 direct target
genes. Unexpectedly, Twist regulates an almost complete cassette of genes required for cell proliferation in
addition to genes essential for morophogenesis and cell migration. Twist targets almost 25% of all annotated
Drosophila transcription factors, which may represent the entire set of regulators necessary for the early
development of this system. By combining in vivo binding data from Twist, Mef2, Tinman, and Dorsal we
have constructed an initial transcriptional network of early mesoderm development. The network topology
reveals extensive combinatorial binding, feed-forward regulation, and complex logical outputs as prevalent
features. In addition to binary activation and repression, we suggest that Twist binds to almost all
mesodermal CRMs to provide the competence to integrate inputs from more specialized transcription factors.
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Embryonic development occurs through the progressive
restriction of cell fates, from pluripotent fields of cells to
complex organs and tissues. This process requires a di-
rected progression through interlinked regulatory states,
each defined by the total set of active transcription fac-
tors (TFs) (Davidson 2006). At each stage of develop-
ment, the combined inputs of signaling and transcrip-
tional networks regulate the expression of specific sets of
genes that drive the transition to the next, often more
specialized, state. Understanding how the underlying
cis-regulatory networks produce temporal and spatial
gene expression is therefore an essential step toward de-
ciphering metazoan development.

Genetic studies have been very successful in identify-
ing individual TFs, representing key network nodes for
different developmental processes. However, the logics
of only a limited number of developmental networks has
been extensively studied using genetic and biochemical

approaches, with careful dissection of individual cis-
regulatory modules (CRMs) (Davidson et al. 2002;
Schroeder et al. 2004; Inoue et al. 2005; Koide et al. 2005;
Stathopoulos and Levine 2005). Due to the laborious na-
ture of these experiments, it is very difficult to apply
these approaches to global regulatory networks. More-
over, not all key components can be identified based on
their phenotype alone, due to functional redundancy or
pleiotropic effects. A number of recent studies have used
different large-scale techniques to define developmental
networks in a gene-centered approach, including RNA
interference (RNAi)-based epistasis studies (Imai et al.
2006) and large-scale yeast-1 hybrid (Deplancke et al.
2006). Here, we focus on the identification of dynami-
cally bound CRMs as a prerequisite for generating a tran-
scriptional network during Drosophila embryogenesis,
using in vivo TF-binding data generated by ChIP-on-chip
analysis (chromatin immunoprecipiation followed by
microarray analysis). While ChIP-on-chip has been used
extensively to reveal network architecture under many
conditions in yeast and mammalian tissue culture cells
(Ren et al. 2000; Odom et al. 2004; Boyer et al. 2005), it
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has only been applied in limited cases within a develop-
ing embryo (Birch-Machin et al. 2005; Negre et al. 2006;
Sandmann et al. 2006). To reveal the cis-regulatory code
underlying early aspects of mesoderm development, we
focused on the central regulator of this process in Dro-
sophila melanogaster: the basic helix–loop–helix (bHLH)
TF Twist.

The early Drosophila mesoderm is composed of a field
of pluripotent cells (Beer et al. 1987; Farrell and Keshish-
ian 1999), expressing the TF Twist (Leptin 1991; Baylies
and Bate 1996). After gastrulation, these cells dissociate
from each other, proliferate, and migrate dorsally, while
remaining unspecified. Only at later stages does the me-
soderm become subdivided into different tissue primor-
dia, including the heart and gut muscle, marked by the
restricted expression of key regulators essential for their
development (Borkowski et al. 1995). As a consequence,
these pluripotent cells need to express the appropriate
TFs and signaling proteins to generate a permissive regu-
latory state, from which further specification can pro-
ceed down multiple developmental paths. How the sys-
tem is primed for rapid activation, while simultaneously
being held in an immature state until the appropriate
time, is not understood.

The TF Twist is initially expressed within the pre-
sumptive mesoderm, where it acts as a dorsoventral (D–
V) axis determinant with the TF Dorsal (stage 5) (Thisse
et al. 1987; Ip et al. 1992b; Shirokawa and Courey 1997).
Afterward, it drives the process of mesoderm gastrula-
tion together with the TF Snail (stage 6). Within the un-
specified mesoderm, Twist acts as a master regulator
that is both essential and sufficient to initiate mesoderm
development (stages 7–11) (Baylies and Bate 1996). Once
the mesoderm primoridium is specified and differentia-
tion begins, Twist expression is dramatically reduced
and is only maintained in adult muscle precursors (Bate
et al. 1991). How this single TF can regulate such a broad
variety of different processes is poorly understood. Al-
though many genes have been identified that are geneti-
cally downstream from twist (Casal and Leptin 1996;
Furlong et al. 2001a; Stathopoulos et al. 2002) only 11
direct Twist targets are known to date (Supplementary
Table 1). These include the TFs snail, tinman, and Mef2,
as well as the microRNA mir-1, important downstream
regulators of mesoderm development (Ip et al. 1992b; Lee
et al. 1997; Yin et al. 1997; Cripps et al. 1998; Gajewski
et al. 1998; Biemar et al. 2005; Sokol and Ambros 2005).

Does this limited set of target genes reflect a major
part of Twist’s input into the mesodermal regulatory
network? By directly regulating a restricted set of tran-
scriptional regulators, which in turn independently con-
trol more downstream effectors, Twist could induce suc-
cessive cascades of transcription indirectly. Alterna-
tively, Twist may directly regulate a large number of as
yet unidentified target genes, exerting immediate con-
trol over the properties of mesodermal cells.

To understand how Twist orchestrates the transcrip-
tional program within pluripotent mesodermal cells, we
have systematically identified Twist-bound CRMs and
directly regulated target genes at two consecutive time

periods in vivo. By combining ChIP-on-chip experiments
with expression profiling of twist loss- and gain-of-func-
tion embryos, we discovered >2000 Twist-bound CRMs
and verified the regulatory potential of 13 of these in
transgenic reporter lines in vivo.

The requirement for twist at multiple stages of devel-
opment is reflected by differential Twist binding to three
temporal groups of CRMs, revealing dynamic changes in
the regulatory network. The large number of newly iden-
tified direct target genes reveals surprising roles for
Twist in the regulation of gene batteries essential for
proliferation and transcriptional regulation. By incorpo-
rating in vivo binding data from three additional TFs,
either upstream of or downstream from Twist, we gen-
erated an initial core network describing the transcrip-
tional landscape during early mesoderm development. In
contrast to the classical hierarchical role envisioned for a
master regulator, Twist targets the majority of mesoder-
mal CRMs and participates in extensive feed-forward
regulation, thereby impinging directly on multiple net-
work levels.

Results

A temporal map of Twist-bound enhancers and direct
Twist target genes

ChIP-on-chip were performed at two consecutive devel-
opmental time periods: 2–4 h (stages 5–7) and 4–6 h
(stages 8–9), covering the stages of gastrulation, meso-
derm expansion, migration, and early subdivision into
different primordia. For each time period, four indepen-
dent ChIPs were performed using two different �-Twist
antibodies to reduce possible off-target effects.

To systematically identify Twist-bound regions in an
unbiased, global manner we designed a high-density mi-
croarray tiling across the Drosophila melanogaster ge-
nome with ∼380,000 60mer oligonucleotide probes.
Twist binds to E-box motifs: As a degenerate E-box
(CANNTG) is expected to occur every ∼256 base pairs
(bp) in the Drosophila genome, we designed a 60mer oli-
gonucleotide for each E-box motif within the nonrepeti-
tive, noncoding regions of the genome (Supplemental
Material). This design made no assumptions about the
specificity of the E-box bound by Twist, yet ensured all
putative E-boxes were covered and that each Twist-
bound sequence was detected by at least two neighboring
60mers (see Supplemental Material for more details).

These experiments identified 2096 nonoverlapping ge-
nomic regions significantly bound by Twist within one
or both developmental time periods. This set includes all
known Twist-bound enhancers tested (Supplementary
Table 1), except the eve-cardiac enhancer that is regu-
lated outside the period of development assayed (Sup-
plementary Fig. 1F). The majority of Twist-bound re-
gions are found within introns of gene loci, rather than
noncoding 5� and 3� regions (Fig. 1A). A similar posi-
tional bias was also observed for p53 (Wei et al. 2006) and
Krüppel (Matyash et al. 2004), suggesting that introns
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close to the transcriptional start site represent hotspots
for active CRMs. Intronic binding of Twist correlates
significantly with the misregulation of these genes’ ex-
pression in twist loss-of-function mutant embryos (Fig.
1B) and their expression within the ventral blastoderm
and mesoderm (Fig. 1C).

One of the major challenges for ChIP-on-chip studies
is to accurately link the TF-bound enhancers to their
appropriate target gene. Rather than simply taking the
closest 5� or 3� gene, we took a more stringent approach
and did not assign a Twist-bound region to a gene based
on proximity alone. The results shown in Figure 1, B and
C, demonstrate that Twist binds more frequently to gene
loci genetically downstream from the TF and/or ex-
pressed in the same cells as the TF. We used these cri-
teria to systematically match all 2096 Twist-bound re-
gions (intronic or intergenic) to their likely targets, lead-

ing to a high-confidence gene assignment for 854 Twist-
bound sequences (Supplementary Table 2; a detailed
description of the automated gene assignment is avail-
able in the Supplemental Material). This increased the
number of Twist direct targets from the previously
known 11 to 494 genes. All Twist-bound regions and
surrounding genes can be visualized and searched at
http://furlonglab.embl.de.

Twist-bound regions function as CRMs in vivo

The RedFly database contains a comprehensive collec-
tion of previously described Drosophila enhancers,
mainly characterized through single gene studies (Gallo
et al. 2006). Of the 2096 Twist-bound regions, 143 over-
lap with known enhancers for 62 genes (Supplementary
Table 2), confirming that these regions have regulatory

Figure 1. Regions identified by Twist ChIP-on-chip represent functional enhancers in vivo. (A) Twist enhancers are more frequently
located in intronic regions, as opposed to regions 5� or 3� relative to the nearest gene locus. Genes misexpressed in either twist

loss-of-function or Toll10B gain-of-function mutants (B) or coexpressed with Twist (C) (information about expression patterns was
compiled from the Berkeley Drosophila Genome Project in situ database, FlyBase, and published literature) are significantly enriched
among genes with intronic Twist binding (right) compared with the whole Drosophila genome (left) (Fisher test, [***] p < 1e-10). (D–I)
Schematic diagrams indicating the gene locus (exons in gray, introns in orange) together with Twist-enriched sequences (red bars, top:
2–4 h, bottom: 4–6 h) and the enhancer region tested (double-headed arrow). Known enhancers for T48 are indicated in green (Strutt
and White 1994). (D�–I�) In situ hybridization of transcripts in wild-type embryos. H� is reproduced from the Berkeley in situ database.
(D�– I�) In situ hybridization of GFP transcripts in transgenic enhancer-GFP embryos assaying the regions indicated by double-headed
arrows in D–I, respectively. All enhancers drive specific blastodermal or mesodermal expression reproducing (at least part of) the
endogenous genes’ expression. All embryos are oriented with anterior facing left and the dorsal side up.
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potential in vivo. Twist was previously not known to
bind to many of these enhancers; this overlap therefore
provides strong evidence for a regulatory link between
Twist and the 62 target genes (e.g., Abd-A, Abd-B, aop,
Brd, slp1, and bap). To further examine the regulatory
potential of Twist-bound regions, reporter constructs of
new putative enhancer sequences were tested in trans-
genic animals. Six Twist-bound regions within or close
to the following gene loci were assayed: T48, trbl, retn,
CG4221, CG8788, and CG32372 (Fig. 1D–I). All regions
proved sufficient to function as enhancers in vivo and
could reproduce all or part of the endogenous spatio-tem-
poral gene-expression pattern.

The T48, tribbles, retained, CG4221, and CG8788 en-
hancers initiate expression within the early blastoderm.
The T48 module mirrors the expression of the endog-
enous gene within the presumptive mesoderm (Fig.
1D�,D�). The zygotic expression of tribbles is highly dy-
namic, which is reflected by the assayed CRM. This en-
hancer drives expression very transiently in the ventral
blastoderm (Fig. 1E�) and quickly becomes ubiquitously
expressed. The relatively small enhancer region for re-
tained is activated in the anterior and posterior ventral
blastoderm, where it is coexpressed with Twist (Fig. 1F�),
and its expression extends into the dorsal blastoderm
(Fig. 1F�). The CRMs for CG4221 and CG8788 initiate
expression in the presumptive mesoderm (Fig. 1G�,H�),
and continue to drive expression throughout the trunk
mesoderm at later stages. The expression of the
CG32372 module initiates after gastrulation in the head
mesoderm, a domain that overlaps with twist expression
(Fig. 1I�, arrow). It is interesting to note that Twist binds
to multiple enhancer regions for many of these genes
(Fig. 1D–I). This feature is also evident more globally:
Almost 50% of Twist target genes have two or more
Twist-bound enhancers, reflecting the complexity of
their regulation (Supplementary Fig. 5).

In summary, these results demonstrate that our ChIP-
on-chip experiments provide a sensitive and accurate
global map of Twist-bound regulatory regions during key
stages of early mesoderm development.

Twist activity is essential for target gene expression

To assay the requirement of Twist function for target
gene expression, we examined the expression of six
novel direct targets in twist mutant embryos. These
genes are expressed in the presumptive mesoderm prior
to gastrualtion, and therefore at stages when the role of
twist function can be assessed. Mesodermal cells are ab-
sent in twist mutant embryos later in development due
to a block in gastrulation. Triple-fluorescent in situ hy-
bridization was performed using probes directed against
twist (blue channel; while twist1 is a protein-null allele,
twist RNA is still expressed), inflated (red channel; this
gene is dependent on twist for its expression and was
used as a marker to distinguish homozygous mutant em-
bryos from their siblings), and a probe directed against
one of the six direct target genes (green channel). The
spatial expression of all six targets overlaps with twist

within the presumptive mesoderm (Fig. 2, cf. blue and
green channels).

Importantly, twist activity is essential for the expres-
sion of five out of six genes examined (Fig. 2). Note, for
CG32982 and CG9005, residual expression remains out-
side the twist expression domain in the dorsal and pos-
terior blastoderm, respectively (Fig. 2, arrow). These re-
sults, in combination with our in vivo binding data, in-
dicate that Twist binding to a CRM is a prerequisite to
activate target gene expression for a large percentage of
its targets. The role of Twist binding to the NetA en-
hancer remains unclear (Fig. 2). Twist may act redun-
dantly with other TFs, or alternatively may function in a
more subtle manner to modulate the levels of expres-
sion.

Twist and Dorsal collaborate much more extensively
than previously predicted

One of the earliest functions of Twist within the pregas-
trula embryo is the coregulation of D–V patterning with
the NF�B ortholog Dorsal (Shirokawa and Courey 1997).
Dorsal acts as a morphogen by regulating its target genes
at (at least) three threshold concentrations along the D–V
axis (Fig. 3H; for review, see Stathopoulos and Levine
2005). Type I-regulated Dorsal enhancers receive high
levels of Dorsal, contain low-affinity Dorsal sites and
drive expression in ventral mesodermal domains (e.g.,
sna, htl, twi). Type II enhancers receive intermediate lev-
els of Dorsal and drive expression in mediolateral do-
mains of different sizes (e.g., sim, brk, vn), while Type III
enhancers receive low levels of Dorsal, contain high-af-
finity Dorsal sites, and can be either activated (sog, ths)
or repressed (dpp, tld, zen) by Dorsal. This system has
been studied so intensively that the level of knowledge is
sufficient for quantitative modeling of cis-regulatory in-
teractions (Zinzen et al. 2006). It was therefore of inter-
est to determine whether our global analysis could reveal
new insights into this process. Our data identified in
vivo binding of Twist to both Type I and II Dorsal en-
hancers, as expected (Supplementary Fig. 1). The bound-
aries of Twist binding are in remarkable agreement with
the limits of characterized minimal enhancers (e.g., htl,
rho, and ths) (Supplementary Fig. 1G,L,R). More impor-
tantly, we were very surprised to identify new CRMs for
several of these well-characterized genes (Fig. 3).

Seven novel enhancers for D–V patterning genes reveal
the regulatory complexity of Twist-bound CRMs: The
cactus, stumps, and wntD enhancers drive expression in
a domain overlapping Twist within the ventral blasto-
derm (Fig. 3A–C) and likely represent Type I enhancers.
Cactus, an I�B ortholog, is expressed both maternally
and zygotically (Kidd 1992) and sequesters Dorsal within
the cytoplasm. While the regulation of zygotic cactus
expression was previously not understood, our data re-
veals a Twist-bound CRM that is sufficient to drive ex-
pression in the presumptive mesoderm (Fig. 3A�). Twist
also binds to a CRM of Toll (Supplementary Figs. 1, 3I).
Although the function of cactus’ and Toll’s zygotic regu-
lation remains unclear in Drosophila, positive feedback
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regulation of zygotic Toll-receptor expression is required
to refine the Dorsal nuclear gradient in the flour beetle
Tribolium castaneum (Chen et al. 2000).

The stumps CRM is expressed in a subset of Twist-
expressing cells, yielding a salt and pepper pattern that
may reflect the requirement for a second, partially re-
dundant enhancer (e.g., the “stumps_early” enhancer)
(Stathopoulos et al. 2004) to give robust expression (Fig.
3B�). The wntD CRM is highly expressed at the anterior
and posterior poles of the ventral blastoderm, but is very
weakly expressed within the central region (Fig. 3C�).
This mirrors the transient expression of the endogenous
gene at this stage of development (Fig. 1C in Ganguly et

al. 2005). This single enhancer reflects the regulatory
logic deduced from genetic studies: The inputs from
Twist and Dorsal activate WntD, while Snail represses
its transcription within the presumptive mesoderm (Fig.
3I; Ganguly et al. 2005). The CRM for crumbs reproduces
the endogenous genes expression (Fig. 3D�). This 480-bp
region can function as an enhancer in the ectoderm
while acting as a silencer within the ventral blastoderm.
This ventral repression is most likely due to direct input
from Snail on this CRM (Leptin 1991). Therefore, even at
the same stage of development, these four Twist-bound
CRMs drive expression in different spatial patterns
within a small population of cells. This complexity is

Figure 2. Twist activity is essential for the expression
of many of its target genes. In situ hybridization of
Twist targets in wild-type embryos (top region of panel)
and twist mutant embryos (bottom). All embryos are at
stage 5, with anterior to the left and dorsal to the top.
The images show triple fluorescent in situ hybridiza-
tion with probes against the following transcripts: twist

(blue), inflated (red), and the target gene (green). As in-

flated is a target of Twist, lack of inflated expression
serves as a functional marker for twist homozygous
mutant embryos. Note, the presumptive mesoderm ex-
pression of CG12177, CG32982, CG4221, CG9005, and
T48 is severely reduced or absent in twist mutant em-
bryos. NetA expression appears largely unaffected.
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clearly mediated by context-dependent integration of ad-
ditional inputs. Three additional CRMs for mir-1 (Type
I), vn, and sim (Type II Dorsal targets) drive expression
later in development, reproducing part of the endog-
enous gene’s expression (Fig. 3E–G).

Unexpectedly, Twist also binds to characterized Dor-
sal Type III enhancers known to regulate dpp, ind, and
ths (Supplementary Fig. 1C,I,R). Dorsal and its associ-
ated corepressors Cut, Retained, and Capicua recruit
Groucho to repress dpp, confining its expression to the
dorsal blastoderm (Valentine et al. 1998). The cobinding
of Twist and Dorsal to Type III CRMs suggests that these
factors may also collaborate in transcriptional repres-
sion. Interestingly, Twist binds to regulatory regions of
all three Dorsal corepressors (Fig. 3K; Supplementary

Table 2), providing another level at which Twist may
modulate Dorsal-mediated repression. Overall, our ex-
haustive map of new CRMs for D–V patterning genes
greatly extends our previous knowledge and will likely
improve predictive models for this system.

Twist targets functional modules required for diverse
aspects of mesoderm development

Twist is not only required for D–V patterning. The 494
direct target genes are significantly enriched in func-
tional groups of genes involved in cell communication,
signal transduction, cell motility, and cell adhesion (Fig.
4A). Genes in these categories are essential for multiple
aspects of development, including gastrulation and di-

Figure 3. Identification of novel enhancers for genes differentially expressed along the D–V axis. (A–G) Schematic diagrams indicating
the target locus (exons in gray, introns in orange) together with Twist-enriched sequences (red bars, top: 2–4 h, bottom: 4–6 h), the
location of known regulatory sequence (green bars), and the novel enhancer region tested (double-headed arrow). (A�–G� In situ
hybridization of lacZ transcripts in transgenic enhancer lines. (A�,B�) The enhancers for cactus (cact) and stumps drive expression in
all or a subset of cells of the ventral mesoderm, respectively. The WntD enhancer displays repression in the central snail-expressing
domain, and activation at the anterior and posterior poles (C�), while the crumbs (crb) enhancer is excluded from the entire ventral
domain and is only activated in the ectoderm (D�). In addition to the recovery of known regulatory regions (E,G) novel enhancers were
discovered for mir-1, vn, and sim (E�–G�). (H) Schematic overview of a transverse section through a stage 5 embryo. The nuclear Dorsal
gradient (red) activates Twist expression (blue) on the ventral side of the embryo. Twist binds to CRMs associated with targets
expressed in ventral (e.g., sna, stumps, cact, mir-1), lateral (m8, sim, ths, sog), and dorsal (zen, dpp) domains of the early embryo. (I )
Twist regulates components of the Dorsal network; schematic model of the subcircuit leading to collaborative activation of targets in
the ventral blastoderm. Twist binds to CRMs of all genes with a red border. Dashed lines indicate indirect regulation. (K) Twist also
binds to CRMs regulating known components (red border) of the repressive complex associated with Dorsal.
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rected migration of mesodermal cells. Genetic studies
have demonstrated a requirement for twist in these
processes (Leptin and Grunewald 1990); however,
the molecular mechanism remained ill-defined. Our
data reveals Twist binding to CRMs for entire func-
tional modules necessary for both gastrulation (Supple-
mentary Table 3) and migration (the FGF pathway)
(Fig. 4B).

The present study highlights a new direct connection
between Twist and many key components involved in
cell cycle progression and cell growth (Fig. 4C). Members
of both the Cdk2/CyclinA/B and Cdk2/CyclinE com-
plexes are targeted, as well as modifiers of their activity
and genes involved in cytokinesis and replication. In
many cases, Twist binds to several CRMs of these genes
(e.g., cyclinE and E2f) (Supplementary Fig. 6), revealing
the complexity of their regulation. This surprising link
between Twist and the cell cycle is highly likely to be of
regulatory significance; twist mutant embryos have pro-
liferative defects that can be genetically separated from

the block in mesoderm gastrulation (Arora and Nusslein-
Volhard 1992).

These three functional groups of target genes (involved
in morphogenesis, migration, and cell proliferation) have
been defined as essential developmental network “plug-
ins” (Davidson 2006). Twist orchestrates early meso-
derm development by binding to CRMs of virtually all
genes within functional groups essential for gastrulation,
mesoderm proliferation, migration, and specification. In
contrast, few CRMs for genes involved in terminal dif-
ferentiation (e.g., sarcomere structure) are targeted by
Twist.

Twist is a highly connected hub targeting a large
repertoire of TFs

This global map of Twist-bound CRMs provides a first
glimpse of Twist’s connectivity to the rest of the regu-
latory genome. Remarkably, TFs represent the largest
group of Twist targets: Twist binds to CRMs of a striking
25% (113/454) of all sequence-specific Drosophila TFs
(Supplementary Table 2). Among these are TFs essential
for mesoderm development, including gap (hb, hkb, kr,
kni), pair rule (eve, slp, opa, odd, prd, run), and segmen-
tation genes (en, hh, ptc, wg), as well as homeotic genes
(pb, Scr, Antp, Abd-A, Abd-B, Ubx). These classes of
target genes implicate a new role for Twist in the estab-
lishment or maintenance of anterior–posterior pattern-
ing within the mesoderm in addition to its known role in
D–V axis formation. Although the function of many of
the remaining TFs is unknown, our data links these
regulators to mesoderm development. The sheer number
of TFs regulated by Twist does not support a simple hi-
erarchical network, where Twist regulates a small set of
TFs, which in turn control another layer of regulators,
and so forth. Rather, our data suggests a model for Twist
contributing to the regulation of the majority of TFs in-
volved in every aspect of early mesoderm development.

Temporal enhancer occupancy by Twist reveals
stage-specific coregulators

Although Twist is expressed during both developmental
time periods assayed, it binds to CRMs in a temporally
regulated manner. Approximately half of the enhancer
regions are detected at both time periods, indicating con-
tinuous binding of Twist throughout these developmen-
tal stages (Fig. 5A). In contrast, 23% of Twist-CRMs are
only bound in early development (2–4 h), while 26% are
specific to later time periods (4–6 h). This dynamic oc-
cupancy reveals that the ability of Twist to bind to
CRMs is tightly controlled beyond the mere presence of
a suitable binding site, and is likely regulated by other
TFs that aid or inhibit binding. To identify additional
regulators that could differentiate between temporally
bound CRMs, we searched for overrepresented sequence
motifs, using two complementary computational ap-
proaches: statistical enrichment of position weight ma-
trices (PWMs) for characterized TFs, and the de novo

Figure 4. Twist targets functional cassettes required for di-
verse developmental processes. (A) Important developmental
processes are overrepresented among direct Twist target genes:
Comparing the fraction of direct Twist targets (gray) annotated
with specific GO-slim terms with the frequency of these terms
among all annotated FlyBase genes (black) reveals significant
enrichment of several GO processes (EASE resampling analysis,
[***] p < 0.001, [**] p < 0.01). (B,C) Numerous FGF pathway
members and important regulators of cell cycle progression are
direct Twist targets: manual pathway mapping of FGF signaling
(B) and cell cycle regulation in Drosophila (C). Genes with a red
border were identified as direct Twist targets.
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detection of overrepresented motifs (Supplemental Ma-
terial).

Twist and Snail consensus motifs are significantly
overrepresented in all three groups of CRMs (Fig. 5B;
Supplementary Table 4), indicating a potential for exten-
sive cobinding between these two TFs. In contrast, Dor-
sal motifs are exclusively enriched in the early-bound
CRMs, and not in the late group. While Tinman motifs
are specifically overrepresented in the continuous and
late-bound CRMs (Fig. 5B; Supplementary Table 4). A
number of other motifs were also uncovered (Supple-
mentary Fig. 7), including sites for potential Twist/
Daughterless heterodimers, suggesting additional mech-
anisms to generate diverse outputs from Twist-CRMs.

Our data reveals Twist binding to almost all previ-
ously characterized Dorsal enhancers (Fig. 3; Supplemen-
tary Fig. 1). Twist and Dorsal are known to interact
physically and to coregulate enhancers in the early, but
not the late, time window of our experiment (Shirokawa

and Courey 1997). We therefore hypothesized that Dor-
sal may be coregulating many of the newly discovered
Twist CRMs, in keeping with the specific enrichment of
Dorsal consensus motifs within these enhancers. To ex-
perimentally test Dorsal’s presence on predicted sites in
vivo, we performed ChIP experiments at 2–4 h of devel-
opment. Significant binding of Dorsal was detected by
quantitative real-time PCR to all seven predicted sites
tested (Fig. 5C). Similarly, as Tinman consensus sites
were significantly enriched in 4–6-h CRMs, we tested
the in vivo occupancy of predicted sites by Tinman at
this stage of development. ChIP experiments detected
significant binding of Tinman to 10 of 11 sites tested
(Fig. 5D). Given the large number of early and late
CRMs, the enrichment of these motifs highlights exten-
sive combinatorial binding of Dorsal and Twist at 2–4 h,
and Tinman and Twist at 4–6 h. A substantial part of
Twist’s temporal specificity likely stems from its associa-
tion with these upstream and downstream coregulators.

Figure 5. Twist occupies enhancers in a temporally regulated manner with Dorsal and Tinman. (A) Differentially enriched Twist-
bound sequences: Roughly half of the CRMs are detected at both 2–4 h and 4–6 h (blue). About one-quarter of all detected regions are
specific to either the early (green) or late (red) time periods. (B) Motifs for several characterized TFs are significantly enriched within
Twist-bound CRMs: Scanning sequences bound specifically at 2–4 h (green), 4–6 h (red), or at both time periods (continuous, blue) with
PWMs for known regulators in Drosophila revealed enrichment of Twist, Dorsal, Snail, and Tinman motifs within one or more of
these temporal groups (Clover, [***] p < 0.001, [**] p < 0.01). (C) Dorsal co-occupies novel 2–4-h Twist-bound CRMs: ChIPs with two
different �-Dorsal antisera (green, total n = 4) or preimmune serum (gray, n = 4) were performed at 2–4 h after egg laying and analyzed
by quantitative real-time PCR using primers assaying predicted Dorsal sites within sequences enriched by Twist specifically at 2–4 h.
Both known control sites (underlined, left) as well as all seven novel sites tested are significantly bound by Dorsal in vivo. The X-axis
indicates the region tested; the Y-axis displays the level of enrichment as the ratio of enrichment using primers against the region of
interest compared with primers covering a negative control region. (D) Tinman binds novel 4–6-h Twist-bound enhancers: Predicted
Tinman-binding sites within continuously or late-bound sequences were assayed in �-Tinman (red) or mock (gray) ChIPs, using two
independent antisera as described in C. All but one predicted site are significantly bound by Tinman in vivo. (**) p < 0.05, Wilcoxon
rank test.

Multiple roles of Twist in development

GENES & DEVELOPMENT 443

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


A core transcriptional network for early mesoderm
development

To delineate the combinatorial relationships between
Twist and other TFs, we generated an initial transcrip-
tional network for early mesoderm development. The
temporal binding map for Twist was integrated with in
vivo binding data for Mef2, Dorsal, and Tinman. Our
previous study of Mef2-bound enhancers (Sandmann et
al. 2006) offers the largest collection of regulatory re-
gions bound at this stage of development to date. As it is
difficult to visualize all 494 Twist target genes, we fo-
cused on TFs whose CRMs are cobound by two or more
regulators during these stages of development (Fig. 6).
Therefore, all links in this network represent direct con-
nections to the same CRM at the same stages of devel-
opment.

The resulting core network of 51 TFs is already rela-
tively complex, with nine genes [nau, E(spl), eve, bap,
Ubx, lbe, odd, hth, and Ptx1] being targeted by three out
of the four examined regulators. The topology of the net-
work provides several insights into how Twist functions
to regulate multiple aspects of early mesoderm develop-
ment. Extensive combinatorial binding and feed-forward
regulation are abundant features. Dorsal activates twist,
which in turn coregulates the majority of known direct
Dorsal targets. This network motif is even more promi-
nent within the mesoderm: Twist regulates the expres-
sion of Mef2 and tinman, and cobinds with these TFs to
many of their targets’ enhancers. In fact, Twist co-
occupies 42% of all Mef2-bound enhancers during early
mesoderm development (Supplementary Table 2). De-
pending on the logical inputs from the two upstream
regulators (transcriptional repression or activation), feed-
forward loops can aid in cellular decision making by fil-
tering out noisy regulatory inputs (Mangan et al. 2003) or
control the timing of a transcriptional response (Penn et
al. 2004; Mangan et al. 2006). For example, early gene
expression in the mesoderm (e.g., activation of tin) de-
pends on Twist alone, while transcription of other genes
initiated at a later stage may require the input from both
Twist and Tinman proteins.

Discussion

Through the integration of ChIP-on-chip analysis with
expression profiling data during early stages of Dro-
sophila development, we have identified >2000 Twist-
bound regulatory regions and almost 500 direct target
genes. This data, in combination with in vivo binding
data for other TFs, lays the foundation of a transcrip-
tional network describing early mesoderm development.
The resulting network view reveals regulatory features
that form the basis of Twist’s functional versatility.

Twist-bound CRMs correspond to silencers as well
as enhancers of transcription

Our data revealed extensive Twist binding to character-
ized Dorsal enhancers and also, surprisingly, to Dorsal-
regulated silencers (e.g., dpp; Supplementary Fig. 1C).
Moreover, many of the new regulatory regions we iden-
tified for D–V patterning genes can function either as
enhancers or integrated enhancer-silencer modules (e.g.,
WntD and crumbs) (Fig. 3). This ability of Twist to act
within the context of silencers, as well as enhancers,
may partially explain the widespread recruitment of
Twist to many regulatory regions and its ability to regu-
late diverse developmental processes.

An attractive molecular explanation for this bifunc-
tionality is the potential of Twist to form both ho-
modimers and heterodimers. Twist homodimers drive
gene activation in Drosophila, while Twist-Daughterless
heterodimers are associated with transcriptional repres-
sion (Castanon et al. 2001). This model is supported by
the significant overrepresentation of the Twist/Daugh-
terless heterodimer consensus motif in both 2–4-h and
4–6-h CRMs (Supplementary Fig. 7). Direct protein–
protein interactions between Twist and Dorsal (Shiro-
kawa and Courey 1997) is an alternative mechanism for
Twist’s incorporation into repressive complexes.

A network with unexpected topology governs early
mesoderm development

Although the network generated in this study is far from
complete, it represents the largest set of combinatorial-

Figure 6. A core transcriptional network for early mesoderm development. Through the integration of ChIP-on-chip data for Twist
and Mef2 with in silico predictions, ChIPs, and literature searches for Dorsal and Tinman, we identified CRMs that are cobound by
at least two TFs during the same stages of development. The regulatory connections for CRMs fulfilling these criteria are shown for
all genes coding for TFs. Color code: Dorsal (dark blue, known regulation; light blue, predicted interaction), Twist (gray), Mef2 (red),
and Tinman (dark green, known regulation; light green, predicted interaction). The direction of regulation, if known, is indicated by
pointed or bar-ended arrows. Feed-forward loops and combinatorial regulation of downstream regulators are dominant features con-
trolling early mesoderm development.
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bound CRMs during these stages of development de-
scribed to date, and therefore provides a comprehensive
resource to decipher general regulatory principles. The
resulting network topology was surprising. Instead of
Twist regulating a restricted group of TFs, which in turn
regulate a successive wave of transcription in a relay
model, Twist directly impinges on CRMs for the vast
majority of genes expressed in the early mesoderm.

The extent of combinatorial binding was also unan-
ticipated. There is extensive cobinding of Twist and Dor-
sal to early 2–4-h CRMs. In fact, the presence of Dorsal
binding may be a general prerequisite for Twist binding
to enhancers specific for early development. The coop-
erative binding of Dorsal and Twist to the rho and sim
CRMs supports this model (Ip et al. 1992a; Kasai et al.
1998; Markstein et al. 2004; Papatsenko and Levine
2005). At 4–6 h of development, the composition of TFs
impinging on Twist-bound CRMs changes. Although ge-
nome wide ChIP-on-chip data is currently not available
for Tinman, the significant overrepresentation of Tin-
man motifs in Twist-bound CRMs and the ability of Tin-
man to bind to the majority of sites tested (Fig. 5D) in-
dicates prevalent combinatorial binding between these
two TFs during 4–6 h of development. Comparing Twist-
bound CRMs with a previously generated data set for
Mef2 (Sandmann et al. 2006) revealed extensive cobind-
ing to enhancers early in development (Fig. 6; Supple-
mentary Table 2). Converging regulatory connections
through combinatorial binding can produce diverse logi-
cal outputs, depending on the nature of the TFs. The
cobinding of several pan-mesodermal TFs (Twist, Tin-
man, and Mef2) may ensure robust gene expression.
While in other contexts—for example, the WntD-
enhancer—the combined inputs of Twist and Snail (Fig.
2C) allow for spatial fine-tuning of gene expression.

The core network also revealed an abundance of feed-
forward loops, providing directionality during early

mesoderm development. This is prevalent with both up-
stream regulators of Twist (Dorsal and Twist) and down-
stream regulators (Tinman and Twist and Mef2 and
Twist). This network motif will likely become even
more widespread as additional ChIP-on-chip data be-
comes available. Twist targets an astounding number of
TFs, which may represent an almost complete repertoire
of TFs required for early mesoderm development. It is
tempting to speculate that Twist participates in feed-
forward regulation, with many of these factors through
combinatorial binding to different subsets of the ∼2000
Twist-bound CRMs.

Temporal network dynamics reflect developmental
progression

Both the composition and connectivity of regulatory net-
works describing developmental progression will natu-
rally change over time. To capture dynamic changes
within the early mesodermal network, we performed our
experiments at consecutive time periods. Our data re-
veals temporally regulated binding of Twist to three
classes of CRMs: early, continuous, and late. Similar
temporally restricted enhancer occupancy has also been
observed for other regulators with broad temporal ex-
pression, suggesting that this may be a general feature of
developmental networks—e.g., MyoD (Bergstrom et al.
2002; Gaudet et al. 2004), PHA-4 (Bergstrom et al. 2002;
Gaudet et al. 2004), and Mef2 (Sandmann et al. 2006).

The temporal occupancy of specific CRMs by Twist
reflects the development of this tissue (Fig. 7). At 2–4 h
of development, Twist and Dorsal coregulate genes es-
sential for D–V patterning (Fig. 7A; Supplementary Table
2). Twist also targets an almost complete set of genes
essential for gastrulation and is required to progress to
the next phase of development, mesoderm maturation
(Fig. 7B). During this developmental window, the pre-

Figure 7. Dynamic changes in the functional groups of genes targeted by Twist reflect developmental progression. (A) Before gas-
trulation, Twist collaborates with Dorsal to subdivide the embryo along the D–V axis and triggers target gene expression required for
gastrulation. (B) Once the mesoderm has invaginated, Twist is associated with pan-mesodermal regulators (tin and Mef2) and CRMs
regulating important “plug-ins” of development (Davidson 2006), providing the pluripotent cells with the competence to continue
differentiation. (C ) Twist expression is lost in cells activating gene batteries required for terminal differentiation (e.g., structural
muscle proteins).
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dominant target genes are part of functional modules
essential for the cell migration, proliferation, patterning,
and specification events occurring within the mesoderm
at these stages. As expected for a TF essential for early
aspects of mesoderm development, Twist does not bind
to significant numbers of CRMs for genes involved in
terminal differentiation. This is in sharp contrast to
Mef2, which first co-occupies CRMs involved in early
mesoderm development with Twist, and later selec-
tively regulates an alternative group of CRMs driving
genes involved in later aspects of differentiation; e.g.,
sarcomere structure or muscle attachment (Fig. 7C).

Conserved regulation of functional classes of genes
by Twist

Integrating our data with genetic evidence from other
species suggests that the regulation of several functional
gene cassettes by Twist is conserved throughout evolu-
tion, from flies to man. These include (1) the FGF sig-
naling pathway: Mutations in human FGF receptors phe-
nocopy mutants in human twist (Htwist) (Wilkie and
Morriss-Kay 2001). (2) Genes implicated in epithelial–
mesenchymal transitions (EMTs): In mice and humans,
Twist facilitates tumor metastasis through the promo-
tion of EMTs (Yang et al. 2004). (3) Cell proliferation and
apoptosis: Htwist has been classified as a potential on-
cogene, as it maintains tissue culture cells in a prolifera-
tive state. Interestingly, ectopic expression of Htwist in
Drosophila also induces proliferation and inhibits p53-
dependent apoptosis, indicating that the ability to regu-
late these processes is conserved (Gullaud et al. 2003).
However, for each process, only a few Twist-regulated
genes were known. Extrapolating from our findings in
flies points toward a role for Twist in the direct regula-
tion of entire gene modules required for each process in
vertebrates.

An emerging model for Twist as a global competence
factor for mesoderm development

Our results provide an initial global view of the tran-
scriptional network describing early mesoderm develop-
ment within the metazoan Drosophila. Twist resides at
the top of this network and binds to CRMs for the vast
majority of genes that need to be expressed during these
stages. In many cases, Twist is essential and sufficient to
drive expression of the target gene (e.g., Fig. 2; mir-1;
Sokol and Ambros 2005). In other cases, however, the
contribution of Twist remains unclear—e.g., crumbs
(Leptin 1991) and NetA (Fig. 2). Rather than acting as a
binary switch, Twist may act redundantly with other
TFs. Alternatively, Twist may provide the competence
for more specific TFs to bind to these CRMs; for ex-
ample, by acting as a pioneer TF to facilitate chromatin
remodeling (Berkes et al. 2004).

In species as diverse as flies, jellyfish, and mice, Twist
is only expressed in mesodermal cells when they are in
an immature state, and loss of twist expression corre-
lates with the initiation of differentiation (Spring et al.

2000; Bialek et al. 2004). Moreover, overexpression of
Twist-1 in mice is sufficient to block osteoblast differ-
entiation (Bialek et al. 2004). We suggest that Twist pro-
vides the mesoderm with the competence to be pluripo-
tent: first, by providing these cells with the components
necessary to respond to inductive cues directing further
specification; and second, by providing an almost univer-
sal repertoire of mesodermal CRMs with the compe-
tence to respond to other TFs. Once bound by Twist,
these regulatory regions may be primed for activation by
more specialized TFs, and thereby allow rapid develop-
mental progression at the appropriate time.

Materials and methods

ChIP

ChIP was performed as described previously (Sandmann et al.
2006). In brief, for each time point studied, four independent
chromatin samples were prepared from tightly staged 2-h wild-
type embryo collections. Anti-Twist sera from two different
rabbits were used to exclude serum-dependent biases: The first
was raised against Twist’s amino acids 338–490. The second
antiserum was a generous gift from Siegfried Roth. Only regions
that were significantly enriched by both �-Twist antibodies, but
not in mock experiments, were considered. Anti-Dorsal antisera
were kindly provided by Michael Levine and Nicholas Gay. The
first �-Tinman antiserum was raised against full-length Tinman
(Furlong laboratory); the second �-Tinman serum was a gener-
ous gift from Manfred Frasch. In each experiment, an additional
four mock immunoprecipitations with rabbit preimmunesera
were performed. All ChIPs were assayed by quantitative real-
time PCR (see Supplemental Material for details).

Expression profiling of twist loss-of-function mutants

and gain-of-function embryos

The collection of the RNA samples has been described previ-
ously (Furlong et al. 2001a,b). The twistey53 allele was used to
assay expression changes due to loss of twist function. The con-
stitutively active Toll10B allele was used to produce embryos
with ectopic Twist. Samples were amplified and hybridized to
microarrays featuring at least one probe for each annotated gene
in the Drosophila melanogaster genome as described previously
(Sandmann et al. 2006). Four biological repeats were performed
for each developmental time point. Dye swaps were included to
account for possible dye biases.

Microarray hybridization and analysis

The raw data from the cDNA arrays was normalized by print-tip
LOWESS normalization using the Tm4 analysis package (Saeed
et al. 2003). To identify differentially expressed genes, the mu-
tant samples were hybridized directly against stage-matched
wild-type samples. A one-class SAM analysis (Tusher et al.
2001) was performed on four independent biological repeats for
each time point. The following significance cutoffs were cho-
sen: a log2 ratio of less than −0.5 and a q value <0.01 at two
consecutive time points for the loss-of-function time course;
log2 ratio of >0.7 and a q value <0.05 for the gain-of-function
experiment.

The amplified Twist ChIPs were hybridized to custom-
designed microarrays optimized for assaying all euchromatic
E-box motifs outside repetitive or coding sequences (details
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available in Supplemental Material). The arrays were produced
using maskless array synthesizer (MAS) technology (Nuwaysir
et al. 2002). DNA labeling and hybridizations were performed as
described previously (Stolc et al. 2004) and explained in detail in
the Supplemental Material. To identify ChIP-enriched frag-
ments, the experimental samples were hybridized against geno-
mic DNA in a reference design. Dye swaps were included to
account for possible dye biases. The oligonucleotide arrays were
scanned at 5-µm resolution, and raw data was LOWESS normal-
ized to remove (1) spatial and (2) concentration-dependent dye
biases. Significantly enriched regions were identified using con-
secutive probe-level statistics combined with a hidden Markov
model using Tilemap (Ji and Wong 2005).

Target gene assignments

The assignment of ChIP-enriched regions to a target gene was
performed by integrating additional metadata for all surround-
ing genes (high-throughput in situ hybridization data, expres-
sion profiling, and the literature) using an automated scoring
scheme (modified from Sandmann et al. 2006; see Supplemental
Material for details).

Generation of transgenic reporter strains

Fragments within the following coordinates were cloned into
the pH-stinger or pH-pelican vectors (Barolo et al. 2000) for
germline transformation (coordinates based on genome release
4.2): chr2L:16,315,340–16,316,352 (cact), chr3L:7,495,261–
7,497,085 (CG32372), chr3R:11,746,513–11,748,343 (CG4221),
chr2R:4,650,254–4,650,882 (CG8788), chr3R:20,123,093–20,123,803
(crb), chr2R:19,145,341–19,147,650 (retn), chr3R:8,885,994–
8,886,691 (sim), chr3R:10,414,437–10,416,493 (stumps),
chr3R:22,707,641–22,709,469 (T48), chr3L:20,335,011–20,337,399
(trbl), chr3L:5,790,824–5,791,419 (vn), chr3R:9,118,898–9,120,556
(wntD).

Histological techniques

In situ hybridizations were performed as described previously
(Furlong et al. 2001a).

Identification of overrepresented known TF sites

Significantly overrepresented PWMs were identified in a two-
step procedure: Motifs for 104 known transcriptional regulators
from Drosophila melanogaster were obtained from FlyReg
(Bergman et al. 2005), Transfac (Matys et al. 2006), Jaspar
(Vlieghe et al. 2006), or the literature. First, the Clover tool
(Frith et al. 2004) was used to identify motifs significantly en-
riched between Twist-bound and control sequences with a cut-
off of p < 0.05. Second, for the set of significant PWMs, different
similarity thresholds were evaluated using Patser (Hertz and
Stormo 1999) and only motifs achieving at least a 1.5-fold en-
richment, while simultaneously reporting hits within >10% of
the enriched sequences, were considered to be of interest (see
Supplemental Material for details).

Prediction of novel Dorsal and Tinman sites

Dorsal and Tinman sites were predicted using Patser with a
score cutoff of 8.5 (Dorsal) and 10.5 (Tinman). See Supplemen-
tary Table 4 for individual predictions.

Accession numbers

Details about the microarrays designed and used in this study
have been deposited in the ArrayExpress database under the

following accession numbers: A-MEXP-588 (E-box array),
A-MEXP-278 (cDNA microarray), and A-MEXP-314 (INDAC
oligonucleotide microarray).

Raw microarray data can be accessed using the following ac-
cession numbers: E-TABM-162 (twist−/− loss-of-function time
course hybridized to cDNA microarrays), E-TABM-161 (twist−/−

loss-of-function time course hybridized to INDAC oligonucleo-
tide microarrays), E-TABM-160 (Toll10B gain-of-function time
course hybridized to INDAC oligonucleotide microarrays),
E-TABM-159 (Twist ChIP-on-chip data). Alternatively, all nor-
malized data can be downloaded from http://furlonglab.
embl.de.
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Note added in proof

A study by Zeitlinger et al. (2007), has examined the binding of
Twist, Snail, and Dorsal proteins in Toll10B mutant embryos, a
genetic background with ectopic expression of all three TFs,
resulting in embryos converted to a mesoderm-like fate. We
have integrated their binding data with ours so that they can be
readily compared. Given that these experiments were con-
ducted with (1) very different genetic backgrounds (wild-type vs.
Toll10B), (2) different antibodies (rabbit �-Twist vs. rat a-Twist),
and (3) different microarray platforms (Nasa vs. Agilent) and
microarray designs (Furlong laboratory vs. Young laboratory),
the overlap is remarkably similar. The integrated data is avail-
able for visualization in the UCSC genome browser at http://
furlonglab.embl.de/data.
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