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INTRODUCTION
Small pools of multipotent neural progenitors give rise to a large
number of neurons and glia to allow proper assembly of a functional
nervous system (Cepko, 1999; Doe and Skeath, 1996; Rapaport et
al., 2001; Walsh and Reid, 1995). However, as progenitors change
over time to accommodate the production of different tissues, they
also undergo a progressive restriction and lose their competence to
produce the full assortment of cell types (Desai and McConnell,
2000; Rapaport et al., 2001). The ability to maintain progenitors in
their early competent states yields the capacity to generate any
desired tissue for use in future cell therapy applications. In recent
years, substantial progress has been made in the identification of the
factors involved in regulating progenitor competence, bringing with
it the need to understand the molecular basis of their function.

The identification of genes that regulate neural progenitor
competence in vertebrates and insects has provided an entry point
for investigating the molecular mechanism of progenitor
competence (Elliott et al., 2008; Hanashima et al., 2004; Isshiki et
al., 2001; Novotny et al., 2002). The zinc-finger transcription factor
Ikaros (Ik) is both necessary and sufficient to specify early
progenitor competence, leading to the production of early-born cell
types in the mouse retina (Elliott et al., 2008). This function of Ikaros
mimics that of its Drosophila ortholog, the zinc-finger transcription
factor Hunchback (Hb), which has also been shown to promote early
progenitor competence during Drosophila neurogenesis (Isshiki et
al., 2001; Novotny et al., 2002). Although it is known that Hb and
Ik can maintain progenitor competence in the nervous system, the
molecular mechanism by which they act remains unknown.

The Drosophila embryonic CNS is an excellent system in which
to investigate Hb-dependent regulation of neural progenitor
competence. Individual neural progenitors (neuroblasts) can be
uniquely identified based on their position and pattern of gene
expression (Broadus et al., 1995). Each of the 30 neuroblasts in a
hemisegment divides to produce an invariant order of neurons
and/or glia, the identity of which is determined by the sequential
expression of transcription factors: Hb r Krupple (Kr) r Pdm1
(Nubbin – FlyBase)/Pdm2 (henceforth Pdm) r Castor (Cas) r
Grainy head (Grh) (Baumgardt et al., 2009; Bossing et al., 1996;
Isshiki et al., 2001; Maurange et al., 2008). Hb is expressed early on
in many neuroblasts and is required for the specification of the first-
born cell identity, or first temporal identity, in those lineages (Isshiki
et al., 2001; Novotny et al., 2002). In addition, Hb can also confer
the early competent state to many neuroblast lineages (Cleary and
Doe, 2006; Pearson and Doe, 2003). This is achieved by maintaining
Hb expression in neuroblasts throughout neurogenesis, or by
reintroducing Hb into neuroblasts after its normal expression
window. The ectopic Hb expression results in the specification of
extra early-born progeny.

Interestingly, the ability of Hb to specify and extend the early
competence window declines over time (Cleary and Doe, 2006;
Pearson and Doe, 2003). When Hb is reintroduced into NB7-1 at
progressively later time points, its ability to specify ectopic
U1/U2 neurons is greatly reduced. Eventually, Hb is unable to
specify early-born cells after the fifth neuroblast division. This
raises two interesting questions regarding neuroblast competence.
First, how does Hb regulate gene expression to maintain early
neuroblast competence? Second, why does this ability decline
over time?

Hb regulates gene expression via multiple well-characterized
modes during the formation of the Drosophila body plan; however,
little is known about its modes of function in the CNS. In the cellular
blastoderm, the Hb protein gradient initiates and establishes the
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SUMMARY
The Hunchback/Ikaros family of zinc-finger transcription factors is essential for specifying the anterior/posterior body axis in insects,
the fate of early-born pioneer neurons in Drosophila, and for retinal and immune development in mammals. Hunchback/Ikaros
proteins can directly activate or repress target gene transcription during early insect development, but their mode of action during
neural development is unknown. Here, we use recombineering to generate a series of Hunchback domain deletion variants and
assay their function during neurogenesis in the absence of endogenous Hunchback. Previous studies have shown that Hunchback
can specify early-born neuronal identity and maintain ‘young’ neural progenitor (neuroblast) competence. We identify two
conserved domains required for Hunchback-mediated transcriptional repression, and show that transcriptional repression is
necessary and sufficient to induce early-born neuronal identity and maintain neuroblast competence. We identify pdm2 as a direct
target gene that must be repressed to maintain competence, but show that additional genes must also be repressed. We propose
that Hunchback maintains early neuroblast competence by silencing a suite of late-expressed genes.
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Recombineering Hunchback identifies two conserved
domains required to maintain neuroblast competence and
specify early-born neuronal identity
Khoa D. Tran, Michael R. Miller and Chris Q. Doe*
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spatial expression domains of the gap genes Kr, knirps (kni) and
giant (gt). Rigorous genetic and molecular analyses have shown that
Hb acts as a concentration-dependent transcriptional activator and
repressor of gene expression during embryonic segmentation
(Berman et al., 2002; Hoch et al., 1991; Pankratz et al., 1992;
Rivera-Pomar et al., 1995; Schulz and Tautz, 1994; Struhl et al.,
1992). Furthermore, Hb can induce permanent repression of target
genes through its interaction with Mi2 and the recruitment of
Polycomb complex proteins (Kehle et al., 1998). As a result, the
multifunctional Hb protein is a potent regulator of gene expression
in the early embryo. Here, we extend the analysis of Hb-mediated
gene regulation to include its role in maintaining neuroblast
competence during nervous system development.

MATERIALS AND METHODS
Generation of VP16::Hb chimeric protein
We generated the VP16::Hb chimera by PCR amplifying the VP16
activation domain (Lai and Lee, 2006) using primers with a 3� tail that
contained hb 5� sequence, and ligating to PCR-amplified full-length hb
coding sequence. For primer sequences, see Table S1 in the supplementary
material. The chimeric gene was verified by sequencing, cloned into the
pUAST vector (Brand and Perrimon, 1993) and transgenic flies produced
(GenetiVision, Houston, TX, USA).

Generation of tagged Hb deletion proteins
We generated hb genes deleted for the six previously described conserved
domains (R. Sommer, PhD thesis, University of Munich, 1992) (Tautz et
al., 1987), as well as for two additional domains (B� and E) that we
identified as conserved in at least eight sequenced Drosophila species
using EvoPrinter (Odenwald et al., 2005). Each hb deletion construct
(except the D domain deletion) was generated using recombineering by
targeted insertion and replacement of the galK expression cassette
(Warming et al., 2005). galK targeting cassettes were prepared by PCR
amplification of the galK expression cassette using primers with homology
to hb. To insert galK, SW102 cells containing BAC clone BACR01F13
were electroporated with the appropriate targeting cassette and plated on
minimal medium with galactose and chloramphenicol. To replace galK,
SW102 cells were electroporated with the appropriate replacement
cassette and plated on minimal medium with glycerol, 2-deoxy-galactose
and chloramphenicol. The replacement cassette for epitope tagging
(3�FLAG::3�HA) was prepared by PCR amplification using homology
primers. For primer sequences, see Table S1 in the supplementary
material. The D domain deletion was generated by two-step PCR. Each
construct was sequenced to confirm that Hb was modified correctly.
Deletions were cloned into a pUAST(attB) vector (Bischof et al., 2007) and
sent to GenetiVision for injections into flies carrying the attP40 docking
site on chromosome 2 (Markstein et al., 2008). In addition to the deletions,
we also generated flies carrying the same epitope-tagged wild-type Hb in
the attP40 locus as a standard control. The fly stocks generated are
described below.

Fly stocks
The following pre-existing fly stocks were used: yw (wild type); v32a-gal4
for ubiquitous embryonic expression (Siegrist and Doe, 2005); UAS-hb
(Wimmer et al., 2000); engrailed-gal4 for expression in the posterior
compartment of each segment (Harrison et al., 1995; Isshiki et al., 2001;
Pearson and Doe, 2003); worniu-gal4 for expression in neuroblasts
(Albertson et al., 2004); UAS-HA is UAS-HA::UPRT (Miller et al., 2009),
and this transgene was used as a UAS control so that each misexpression
experiment had two UAS transgenes; it does not change the number of U
neurons when expressed alone.

The following fly stocks were generated in this work:
UAS-VP16::hb on chromosomes 2 and 3;
UAS-VP16::hb; hbFB hbP1/TM3 ftz-lacZ [hbFB is a null mutant, hbP1 is a

segmentation rescue construct (Hulskamp et al., 1994; Isshiki et al., 2001)];
UAS-VP16::hb; Df(2L)ED773/CyO ftz-lacZ [Df(2L)ED773 removes both

pdm1 and pdm2 (Grosskortenhaus et al., 2006)];

UAS-hbwild-type/CyO and UAS-hbwild-type/CyO; hbFB hbP1/TM3 Ubx-lacZ;
UAS-hbDAB/CyO and UAS-hbDAB/CyO; hbFB hbP1/TM3 Ubx-lacZ;
UAS-hbDB�/CyO and UAS-hbDB�/CyO; hbFB hbP1/TM3 Ubx-lacZ;
UAS-hbDDBD/CyO and UAS-hbDDBD/CyO; hbFB hbP1/TM3 Ubx-lacZ;
UAS-hbDC/CyO and UAS-hbDC/CyO; hbFB hbP1/TM3 Ubx-lacZ;
UAS-hbDD/CyO and UAS-hbDD/CyO; hbFB hbP1/TM3 Ubx-lacZ;
UAS-hbDE/CyO and UAS-hbDE/CyO; hbFB hbP1/TM3 Ubx-lacZ;
UAS-hbDDMZ/CyO and UAS-hbDDMZ/CyO; hbFB hbP1/TM3 Ubx-lacZ; and
engrailed-gal4/CyO; hbFB hbP1/TM3 Ubx-lacZ.

Molecular markers and immunostaining
Antibody staining was performed according to standard methods. Polyclonal
antiserum against Zfh2 was made by expressing a GST fusion protein
containing amino acids 1641-2149 of the Zfh2 protein [pZFH-2c (Lai et al.,
1991)], and purified proteins were sent to Alpha Diagnostic International
(San Antonia, TX, USA) for injection into rats. Primary antibodies used
were: rat Zfh2, 1:400 (this work; M. Lundell, UT San Antonio, USA);
mouse Eve 2B8, 1:10 (Patel et al., 1994); guinea pig Eve, 1:1000, rat Eve,
1:1000 and guinea pig Kr, 1:800 (Kosman et al., 1998); rabbit Hb, 1:200
(Tran and Doe, 2008); rabbit Kr, 1:500 (Gaul et al., 1987); rat Pdm2, 1:10
(Grosskortenhaus et al., 2006); rabbit Cas, 1:2000 (Kambadur et al., 1998);
mouse En 4D9, 1:5 (Patel et al., 1989); mouse b-galactosidase, 1:500
(Promega, Madison, WI, USA); rabbit b-galactosidase, 1:1000 (MP
Biomedicals, Solon, OH, USA); mouse HA, 1:500 (Roche, Palo Alto, CA,
USA); and rabbit HA, 1:1000 (Sigma, St Louis, MO, USA). Secondary
antibodies were purchased conjugated to Alexa 488, Rhodamine RedX, Cy5
(Jackson ImmunoResearch, West Grove, PA, USA), biotin (Vector Labs,
Burlingame, CA, USA) or alkaline phosphatase (Southern Biotechnology,
Birmingham, AL, USA) and used at 1:400.

Microscopy and statistical analysis
Confocal image stacks were collected using a Leica SP2 or Bio-Rad
Radiance 2000 confocal microscope and displayed as two-dimensional
projections. Images of histochemical preparations were acquired using a
Zeiss AxioCam HRc camera on an Axioplan microscope. Two-tailed t-tests
were used to determine significance in the differences in cell number.

RESULTS
VP16::Hb activates both positively and negatively
regulated Hb direct target genes in the early
Drosophila embryo
To address the molecular mechanism underlying Hb maintenance of
neuroblast competence, we began by examining whether Hb
achieves this role through the transcriptional activation or repression
of target genes. Because no transcriptional activation or repression
domains have been identified within Hb, we began by converting
Hb to act solely as a transcriptional activator by fusing the VP16
transactivation domain (Triezenberg et al., 1988) to the N-terminus
of full-length Hb (Fig. 1A). We then tested whether VP16::Hb could
induce competence or first-born temporal identity.

Before assaying the effects of VP16::Hb in the CNS, we first
examined the ability of VP16::Hb to recognize and activate known
Hb direct target genes in the early embryo. In the embryonic
blastoderm, Hb is a direct activator of the gap gene Kr (Hoch et al.,
1991). Expression of Hb throughout the embryo using a heat-shock
promoter can activate Kr and expand the Kr central gap domain to
the posterior of the embryo (Hoch et al., 1991; Hulskamp et al.,
1990; Struhl et al., 1992). We expressed wild-type Hb throughout
the embryo using the Gal4/UAS expression system (Brand and
Perrimon, 1993) with a maternal Gal4 driver (v32a-gal4 UAS-hb)
and were able to reproduce this expansion of the Kr central gap
domain (Fig. 1B). Next, we examined v32a-gal4 UAS-VP16::hb
embryos and found a dramatic increase in Kr expression throughout
the embryo (Fig. 1B), indicating that VP16::Hb is a potent activator
of Kr gene expression.
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We further tested the capacity of VP16::Hb as an activator by
examining its effect on genes that are normally directly repressed by
Hb. Hb expression in the posterior regions of the embryonic
blastoderm directly represses the gap genes kni and gt (Fig. 1C,D)
(Berman et al., 2002; Berman et al., 2004; Pankratz et al., 1992;
Pelegri and Lehmann, 1994). However, VP16::Hb overexpression
activated both kni and gt, expanding their domains anteriorly and
posteriorly into the domains of their respective repressors (Fig.
1C,D). We conclude that VP16::Hb is also sufficient to activate
genes that are normally repressed by Hb (Fig. 1E). The strong
activation and expansion of the Kr, kni and gt gap domains indicates
that VP16::Hb acts as a potent transcriptional activator that
overcomes or eliminates the normal transcriptional repression
function of Hb. Taken together, we conclude that VP16::Hb has the
capacity to recognize and activate Hb target genes whether they are
normally activated or repressed by Hb in the early embryo.

VP16::Hb activates all known Hb-regulated genes
in the CNS
Because VP16::Hb acts as a strong activator of Hb direct target
genes in the early embryo, we next examined the expression of Hb
targets in the CNS in response to VP16::Hb expression. Previous
studies suggest that Hb regulates its own transcription in the
blastoderm, but not in the CNS (Grosskortenhaus et al., 2005;
Treisman and Desplan, 1989). However, it is possible that the
VP16::Hb chimera could activate endogenous hb transcription via
the VP16 activation domain, leading to cells that contain both a
transcription-activating Hb protein (VP16::Hb) and a potential
transcription-repressing Hb protein (endogenous Hb). To test
whether VP16::Hb can activate endogenous hb transcription, we
performed in situ hybridizations against the 3� UTR of endogenous
hb mRNA. In engrailed-gal4 UAS-hb embryos, we found that Hb
could not induce its own transcription in neuroblasts (Fig. 2A,B),
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Fig. 1. VP16::Hb acts as a constitutive
transcriptional activator. (A) Schematic of
wild-type Hb protein and the VP16::Hb protein
chimera showing the previously characterized
conserved domains. DBD, DNA-binding
domain; DMZ, dimerization domain.
(B-D) Expression of gap genes in the Drosophila
embryonic blastoderm in wild-type, v32a-gal4
UAS-hb and v32a-gal4 UAS-VP16::hb embryos.
(E) Summary of gene interactions from B-D.
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consistent with previous findings (Grosskortenhaus et al., 2005). By
contrast, engrailed-gal4 UAS-VP16::hb embryos showed strong
activation of endogenous hb transcription in neuroblasts (Fig. 2C).
We conclude that VP16::Hb can activate endogenous hb
transcription in the CNS.

We next examined whether VP16::Hb can activate pdm (pdm1
and pdm2), a gene normally repressed by Hb through well-
characterized Hb binding sites in its CNS enhancer element
(Kambadur et al., 1998). In stage 15 embryos, only a few neuroblasts
expressed Pdm (Fig. 2D), and there was minimal change in Pdm
following the expression of wild-type Hb protein (Fig. 2E), probably
because most neuroblasts can no longer respond to Hb at this stage
(Cleary and Doe, 2006). However, the overexpression of VP16::Hb
in neuroblasts resulted in the upregulation of Pdm (Fig. 2F). We
conclude that VP16::Hb can activate the direct target pdm in the
CNS.

Having shown that VP16::Hb can activate Hb direct target genes,
we extended our analyses of VP16::Hb activity to all other known
Hb targets in the CNS (Fig. 2G). Hb is known to activate Kr and
repress zfh2, cut, runt and cas (Fig. 2H) (Grosskortenhaus et al.,

2006; Isshiki et al., 2001; Kambadur et al., 1998), although it is not
known whether Hb acts directly or indirectly to regulate the
expression of these genes. We overexpressed VP16::Hb in a hb
mutant background and found that it can activate Kr in neurons,
similar to wild-type Hb (Fig. 2I). Additionally, we found that
VP16::Hb expression also results in the activation of the normally
repressed target genes zfh2, cut, runt and cas in neurons (Fig. 2I).
We conclude that VP16::Hb can activate all known Hb CNS targets,
whether they are normally activated or repressed by Hb. Because
Hb normally acts as a transcriptional repressor of most CNS targets
(Fig. 2J), we suggest that this repression might play an essential role
in maintaining neuroblast competence, a prediction that we test
below.

Overexpression of VP16::Hb in the CNS reveals
that Hb maintains neuroblast competence by
transcriptional repression of multiple target
genes
Because VP16::Hb is a potent transcriptional activator with little
ability to repress gene expression, we can use it to test whether Hb-
mediated transcriptional activation of target genes is sufficient for
maintaining neuroblast competence. Overexpression of wild-type Hb
can extend neuroblast competence and the production of early-born
neuronal cell types (Isshiki et al., 2001; Novotny et al., 2002; Tran and
Doe, 2008). In NB7-1, Hb misexpression produces ~18-20 Eve+ U
motoneurons. If Hb maintains early competence by acting solely as a
transcriptional activator, then VP16::Hb should mimic Hb function
and specify the same, or more, U neurons. In wild-type embryos,
NB7-1 generates five Eve+ U motoneurons (Fig. 3A,A�) (Pearson and
Doe, 2003; Schmid et al., 1999). Overexpression of wild-type Hb in
a hb mutant NB7-1 produced an average of 12 U neurons (range 6-18,
n=100; Fig. 3A�). However, the overexpression of VP16::Hb in a hb
mutant NB7-1 only generated an average of six U neurons (range 2-
12, n=88; Fig. 3A�). We conclude that the constitutive activator
VP16::Hb is not as good as wild-type Hb at maintaining the early
competence window necessary for Eve+ U neuron production, and
suggest that the repression of Hb downstream targets in neuroblasts
might be essential to maintain early competence.

Because Hb normally represses downstream targets such as pdm
and cas, and VP16::Hb can activate these targets, we tested whether
the repression of these downstream genes is required to maintain
neuroblast competence. First, we examined engrailed-gal4 UAS-hb,
hb mutant embryos at early stage 12 and found that neuroblasts in
the engrailed-gal4 domain expressed Kr but not pdm and cas (Fig.
3B) (Isshiki et al., 2001). By contrast, the majority of neuroblasts in
the engrailed-gal4 domain of engrailed-gal4 UAS-VP16::hb, hb
mutant embryos expressed Kr, pdm and cas (Fig. 3C). We conclude
that VP16::Hb can ectopically induce pdm and cas expression in
neuroblasts.

Next, we tested whether the co-expression of wild-type Hb plus
Pdm, or Hb plus Cas, could lead to the same reduction in ectopic
cells as seen in the VP16::Hb-overexpression experiments. In
control engrailed-gal4 UAS-hb UAS-HA embryos, NB7-1 generated
~17 Eve+ U neurons (range 13-22, n=87; Fig. 3D). We next
examined engrailed-gal4 UAS-hb UAS-pdm2 embryos for the total
number of U neurons generated and found a large decrease in the
number of ectopic U neurons compared with our control embryos
(average of 9, range 3-14, n=70; Fig. 3D). engrailed-gal4 UAS-hb
UAS-cas embryos showed a slight decrease in the number of U
neurons generated (average of 15, range 8-20, n=118; Fig. 3D). We
conclude that Hb normally represses downstream targets, such as
pdm and cas, to maintain neuroblast competence.
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Fig. 2. VP16::Hb activates Hb direct and indirect targets in the
CNS. (A-C) VP16::Hb activates endogenous hb. In situ hybridization
against endogenous hb mRNA. Each panel shows the neuroblast layer
of a stage 12 Drosophila embryo with the anterior to the left. Lines in B
and C indicate the engrailed-gal4 expression domain. (D-F) VP16::Hb
activates the direct target pdm. Histochemical detection of Pdm
(brown) and the segment boundary marker Engrailed (purple). Each
panel shows the neuroblast layer of a stage 15 embryo with anterior to
the left. (G-I) Expression of Kr, zfh2, cut, runt and cas in wild-type,
engrailed-gal4 UAS-hb and engrailed-gal4 UAS-VP16::hb, hb mutant
embryos. Each panel shows a two-dimensional projection of
approximately two segments of the ventral nerve cord of a stage 16
embryo. Lines as in B,C. Anterior is up. (J) Summary of gene
interactions in the CNS from A-I.
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Because Pdm2 is sufficient to block Hb-induced neuroblast
competence, we tested whether Pdm2 was also necessary to terminate
neuroblast competence. If pdm2 is the only factor activated by
VP16::Hb that limits neuroblast competence, then the overexpression
of VP16::Hb in a pdm mutant background should extend neuroblast
competence and result in the generation of many Eve+ U neurons. By
contrast, if VP16::Hb activates multiple factors, then VP16::Hb might
not be able to extend competence or make large numbers of U neurons
even in the absence of Pdm. Control prospero-gal4 UAS-hb embryos
generated an average of nine Eve+ U neurons per hemisegment (range
5-16, n=100; Fig. 3E). By contrast, prospero-gal4 UAS-VP16::hb
embryos generated on average only 5.6 Eve+ U neurons (range 4-9,
n=100, P�0.001; Fig. 3E), presumably owing to the transcriptional
activation of factors that limit competence. Strikingly, performing the
same experiments in a pdm mutant embryo (lacking both pdm1 and
pdm2) did not increase the number of Eve+ U neurons (average of 4.3,
range 2-8, n=90, P�0.001; Fig. 3E). We conclude that Hb must
normally repress multiple factors, in addition to pdm1/pdm2, to
maintain early neuroblast competence.

Identification of two domains required for Hb
transcriptional repression
Because Hb repression of target genes is essential for the
maintenance of neuroblast competence, we next sought to identify
the Hb protein domain(s) required for transcriptional repression. We
generated a series of hb transgenes, each deleted for one or more of
the eight evolutionarily conserved domains: the first group of zinc-
finger domains bind DNA (DNA-binding domain, DBD); the
second group of zinc-finger domains allow for Hb dimerization
(dimerization domain, DMZ); four previously identified conserved
domains (A, B, C and D) (Tautz et al., 1987); and two additional
domains (B� and E) that contain short DNA sequences conserved in
at least eight sequenced Drosophila species (Fig. 4A,B). We deleted
each of these domains in a series of UAS-HA::hb transgenes, which
we placed in the same attP site on chromosome 2 so that the results
of each transgene could be directly compared.

We tested each protein for its ability to activate the direct target
Kr (Hoch et al., 1991) or repress the direct target pdm (Kambadur et
al., 1998) within the CNS. Wild-type embryos at stage 11 are Kr–
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Fig. 3. Hb maintains early neuroblast competence through the repression of multiple target genes. (A-A�) Quantification of U neurons
(within dashed box) specified in various genetic backgrounds. Wild type, average of 5; engrailed-gal4 UAS-hb, hb mutant, average of 12±2 (s.d.),
range 6-18; engrailed-gal4 UAS-VP16::hb, hb mutant, average of 6±2, range 2-12. P�0.001 for all experiments. (B,C) Neuroblast expression profile
at early stage 12. One hemisegment is shown. Dashed circles outline neuroblasts, and solid lines indicate the engrailed-gal4 expression domain. Hb
activates Kr and represses pdm and cas in neuroblasts, whereas VP16::Hb activates all three. (D,D�) Co-misexpression of Hb + Pdm and Hb + Cas
results in fewer ectopic U neurons. UAS-hb UAS-HA control, average of 17±2, range 13-22; UAS-hb UAS-pdm2, average of 9±2, range 3-14;
UAS-hb UAS-cas, average of 15±2, range 8-20. P�0.001 for all experiments. (E) Overexpression of VP16::Hb in a pdm mutant embryo does not
result in the recovery of ectopic U neurons. pros-gal4 UAS-hb, average of 9±2.5, range 5-16; pros-gal4 UAS-VP16::hb, average of 5.6±1, range
4-9; pros-gal4 UAS-VP16::hb, pdm mutant, average of 4.3±1, range 2-8. P�0.001 for all experiments. (F) Summary and comparison of the
competence windows generated by Hb and VP16::Hb.
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Pdm+ in the neuroblast layer (Grosskortenhaus et al., 2005; Isshiki
et al., 2001; Tran and Doe, 2008). Overexpression of the full-length
wild-type Hb protein resulted in the activation of Kr and repression
of pdm (Fig. 4B,C), consistent with previous findings (Isshiki et al.,
2001; Kambadur et al., 1998). Similarly, overexpression of Hb
proteins lacking either the A+B domains, the B� domain, or the E
domain also activated Kr and repressed pdm (Fig. 4B,C), showing
that none of these domains is required for transcriptional activation
or repression. Overexpression of Hb proteins lacking the DBD or
the C domain did not activate Kr or repress pdm (Fig. 4B,C),
suggesting that they are non-functional, although these proteins were
nuclear localized and exhibited similar stability to wild-type Hb
protein in neuroblasts (Fig. 4C). By contrast, overexpression of Hb
proteins lacking the D domain (which includes the Mi2 binding
sites) failed to repress pdm, but still weakly activated Kr; an identical
result was observed for Hb protein lacking the DMZ domain (Fig.
4B,C). The sparse and intermittent activation of Kr might be due to

Pdm repression of Kr (Grosskortenhaus et al., 2006; Tran and Doe,
2008), which would be expected to counteract Hb-induced Kr
activation.

We next tested whether the HbDD and HbDDMZ proteins fail to
repress other known Hb target genes. Whereas wild-type Hb protein
efficiently repressed zfh2, cut, runt and cas (Fig. 3C), the HbDD and
HbDDMZ proteins failed to repress any of these genes (see Fig. S1 in
the supplementary material). We conclude that both the D and DMZ
domains are required for Hb-mediated transcriptional repression.

Hb repression domains are required for
maintenance of neuroblast competence
We showed above that overexpression of the constitutive
transcriptional activator VP16::Hb is not sufficient to extend
neuroblast competence, suggesting that this function might require
Hb-mediated transcriptional repression. We therefore tested whether
the D or DMZ repression domains of Hb are required for extending
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Fig. 4. The Hunchback D and DMZ domains are required for transcriptional repression and maintenance of neuroblast competence.
(A) Schematic of Drosophila Hb protein showing conserved domains and deletion breakpoints (bold). (B) Deletions grouped by functional
phenotype. (C) In each set of panels, which refer to the corresponding deletions in B, two segments of a stage 11 embryo are shown with
neuroblasts stained for Kr and Pdm proteins. Dashed lines indicate engrailed-gal4 expression domains. Wild-type Hb, HbDAB, HbDB� and HbDE can
activate Kr and repress pdm; HbDDBD and HbDC are non-functional in the CNS; HbDD and HbDDMZ can activate Kr, but cannot repress pdm. (D) U
neurons (encircled) specified by Hb and each deletion construct.
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competence. We assay neuroblast competence by measuring the
number of Eve+ U neurons that can be induced by overexpression of
Hb within the NB7-1 lineage using the engrailed-gal4 driver (Isshiki
et al., 2001; Pearson and Doe, 2003). Wild-type embryos have five
Eve+ U neurons per hemisegment (Fig. 3A) (Isshiki et al., 2001),
whereas overexpression of wild-type Hb can extend neuroblast
competence to allow the formation of ~14 Eve+ U neurons (n=100;
Fig. 4D; Table 1). Similarly, overexpression of Hb proteins lacking

either the A+B domains, the B� domain, or the E domain generated
~16 Eve+ U neurons (n>100 each; Fig. 4D; Table 1), showing that
none of these domains is required for Hb-mediated extension of
neuroblast competence. As expected, overexpression of the non-
functional Hb proteins lacking the DBD or the C domain neither
specified ectopic U neurons nor altered the identity of the existing
neurons (Fig. 4D; see Fig. S2 in the supplementary material; Table
1). Interestingly, overexpression of the Hb proteins that lacked
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Table 1. Summary of U neuron identity specified by Hb proteins
U neuron identity*,†

Ectopic protein Genetic background Total‡ n§ U1 U2 U3 U4 U5

None wt 5 100 1 1 1 1 1
hb mutant 3 100 0 0 1 1 1

Hb (wild type) wt 14 116 8 6 0 0 0
hb mutant 11.5 77 5.5 6 0 0 0

HbDAB wt 16 114 8 8 0 0 0
hb mutant 11.8 65 5 6.8 0 0 0

HbDB� wt 16.2 102 9 7.2 0 0 0
hb mutant 12.1 62 5 7.1 0 0 0

HbDDBD wt 5 185 1 1 1 1 1
hb mutant 3 62 0 0 1 1 1

HbDC wt 5 180 1 1 1 1 1
hb mutant 3 68 0 0 1 1 1

HbDD wt 5.5 242 1 1.25 1.25 0 2
hb mutant 4 150 0 0 2 0 2

HbDE wt 16 112 8.8 7.2 0 0 0
hb mutant 13.2 76 6 7.2 0 0 0

HbDDMZ wt 5.3 237 1 1.15 1.15 1 1
hb mutant 3.6 184 0 0 1.6 1 1

P�0.001 for all experiments. wt, wild type.
*Average number of each cell present per hemisegment based on the markers described in Fig. 5.
†Cell fate markers: U1, Hb+ Kr+ Zfh2–; U2, Hb+ Kr+ Zfh2+; U3, Kr+ Cut+; U4, Runt+ Cas–; U5, Runt+ Cas+.
‡Total number of U neurons.
§Number of hemisegments analyzed.

Fig. 5. The Hb D and DMZ domains are
required for the first temporal identity.
Each panel shows a two-dimensional
projection of U neurons from one
hemisegment of a stage 16 Drosophila
embryo; medial is to the left and anterior is to
the top. The U1-U5 neurons (as illustrated to
the right) can be uniquely identified based on
the indicated molecular markers. For
quantification of U neuron identity, see Table
1. Scale bar: 3mm. (A) Wild-type embryo.
(B) engrailed-gal4 UAS-hb, hb mutant embryo.
Ectopic early-born U1/U2 neurons are
specified. Arrowheads indicate weak Zfh2+

cells. (C) engrailed-gal4 UAS-hbDD embryo. An
ectopic U2 or U3 neuron is found (arrowhead)
in 50% of hemisegments. All hemisegments
contain two Cas+ U5 neurons. (D) engrailed-
gal4 UAS-hbDD in a hb mutant embryo. Most
hemisegments contain an ectopic U3 neuron
but no U1 or U2 neurons are specified.
(E) engrailed-gal4 UAS-hbDDMZ embryo. An
ectopic U2 or U3 neuron (arrowheads) is
found in 25% of hemisegments. All other U
neurons differentiate as in wild type.
(F) engrailed-gal4 UAS-hbDDMZ in a hb mutant
embryo. Most hemisegments contain an
ectopic U3 neuron and no U1 or U2 neurons
are specified.
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transcriptional repressor activity, i.e. those lacking the D or DMZ
domain, failed to extend neuroblast competence, generating only
five or six Eve+ U neurons (n>200; Fig. 4D; Table 1). The identity
of the Eve+ U neurons is addressed below, but based simply on the
change in the number of Eve+ U neurons, we conclude that Hb-
mediated transcriptional repression using the D and DMZ domains
is required to extend neuroblast competence.

Hb repression domains are required for the
specification of first-born neuronal identity
In addition to its role in regulating neuroblast competence, Hb has
an essential role in the specification of early-born neuronal identity
in multiple neuroblast lineages (Isshiki et al., 2001; Novotny et al.,
2002; Pearson and Doe, 2003; Tran and Doe, 2008). To determine
whether Hb transcriptional repression is required to specify early-
born neuronal identity, we expressed Hb domain deletion proteins
in the NB7-1 lineage, either in wild-type or hb mutant embryos.
Wild-type embryos have five U neurons per hemisegment: the first-
born U1 neuron is Hb+ Kr+, the second-born U2 neuron is Hb+ Kr+

Zfh2+, and the later-born neurons are Zfh2+ Kr+ Cut+ (U3), Zfh2+

Cut+ Runt+ (U4), or Zfh2+ Cut+ Runt+ Cas+ (U5) (Fig. 5A).
Overexpression of wild-type Hb generated ~14 early-born U1/U2

neurons when endogenous Hb was present (Table 1), and ~12
U1/U2 neurons in a hb mutant background (Fig. 5B; Table 1),
consistent with previous reports (Isshiki et al., 2001; Novotny et al.,
2002; Pearson and Doe, 2003). Similarly, overexpression of Hb
proteins lacking either the A+B domains, the B� domain, or the E
domain also generated ~12 Eve+ U1/U2 neurons in a hb mutant
background (Table 1), showing that none of these domains is
required for Hb-mediated specification of early-born neuronal
identity.

Overexpression of the Hb deletion proteins that lack
transcriptional repression activity (HbDD and HbDDMZ) generated
five to six Eve+ U neurons when endogenous Hb was present (Fig.
5C,E; Table 1). The ectopic neuron was typically the Kr+ U3 neuron,
which is consistent with the HbDD and HbDDMZ proteins having the
ability to transcriptionally activate Kr (Fig. 5C) and thus specify U3
identity (Cleary and Doe, 2006; Isshiki et al., 2001). Consistent with
this result, overexpression of the HbDD and HbDDMZ proteins in a hb
mutant background resulted in the loss of the Hb-dependent early-
born U1/U2 neurons, while still generating an ectopic U3 neuron
(Fig. 5D,F). The only difference we have observed between the
HbDD and HbDDMZ proteins is that HbDD, but not HbDDMZ, frequently
generated an ectopic U5 neuron (Fig. 5C,D; Table 1; see
Discussion). Because both HbDD and HbDDMZ retain the ability to
activate Kr expression, we conclude that Hb-mediated
transcriptional repression through the D and DMZ domains is
required for the specification of first-born neuronal identity.

DISCUSSION
We have shown that Hb acts as an activator and repressor of gene
expression in the CNS, but only its transcriptional repressor function
is essential for maintaining neuroblast competence and specifying
early-born neuronal identity. We have identified two repression
domains within the Hb protein: the Mi2-binding D domain and the
DMZ domain.

How do the D and DMZ domains repress gene expression? It is
interesting to note that the D and DMZ domains are not dedicated
repression domains, such as the one found in Engrailed (Han and
Manley, 1993; Jaynes and O’Farrell, 1991). Instead, both are known
to mediate protein-protein interactions. The DMZ allows Hb
dimerization, leading to the proposal that high Hb levels promote

dimerization and thus transcriptional repression (Papatsenko and
Levine, 2008). For example, at cellular blastoderm stages, high levels
of Hb in the anterior of the embryo are required to repress Kr, whereas
low Hb levels activate Kr (Hulskamp et al., 1990; Schulz and Tautz,
1994; Struhl et al., 1992), and mutations in the DMZ lead to an
anterior expansion of the Kr expression domain (Hulskamp et al.,
1994). Yet it remains unknown how Hb dimerization leads to gene
repression. The D domain is also involved in protein-protein
interactions. The region of Hb containing the D domain is known to
bind the chromatin regulator Mi2, and this interaction promotes
epigenetic silencing of the Hb target gene Ubx during early embryonic
patterning (Kehle et al., 1998). Our results suggest that the D and
DMZ domains could act in distinct processes that are both required
for transcriptional repression (Fig. 6B,C), or that they could act in a
common pathway such as dimerization-dependent recruitment of Mi2
and/or other repressor proteins to the D domain (Fig. 6D).

Hb proteins lacking the D or DMZ domain have very similar
phenotypes in the CNS (this study). Although both the D and DMZ
domains appear to be required for Hb-mediated transcriptional
repression, they do not have identical functions. Overexpression of
HbDD leads to the specification of two U5 neurons at the expense of
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Fig. 6. Models for Hb-mediated transcriptional regulation of
neuroblast competence in Drosophila. Proposed molecular
interactions underlying Hb function in the CNS. (A) Hb binds to its
consensus sequence and recruits co-activators (and/or outcompetes
repressors) to promote gene expression. (B) Hb monomers bind to
genomic DNA and recruit repressor complexes. (C) Hb monomer binds
to the regulatory region of a target gene, which is then repressed by
dimerization with a second Hb monomer bound within a
heterochromatin domain. (D) Hb dimerization is required for the
recruitment of repressor complexes, which might include Mi2. Magenta
ovals, Hb; smaller ovals, Hb dimerization domain; magenta squares, Hb
binding sites; dark-green line, genomic DNA; green arrow, transcription
start site; dark-green boxes, gene; A, activator; green square, activator
binding sites; R, repressor; red squares, repressor binding sites.
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the U4 cell identity, whereas overexpression of HbDDMZ results in
normal U4 and U5 identities (Fig. 5). Perhaps HbDDMZ retains some
ability to repress cas expression, allowing the production of the Cas–

U4 identity. Alternatively, Hb might use the D and DMZ domains to
repress different target genes. Currently, we cannot distinguish
between these models owing to the limited number of known Hb
direct target genes.

Both Hb and the related mammalian protein Ik have major roles
as transcriptional repressors, but are also weak transcriptional
activators. How does Hb activate gene expression within the CNS?
We were unable to identify a discrete activation domain despite the
fact that our systematic deletion series covered the entire protein (see
Fig. 4). We can rule out the possibility that the activation domain
maps to the D region, as it does in the closely related Ik protein (Sun
et al., 1996), because the HbDD protein has no effect on Kr
transcriptional activation or the specification of U3 neuronal identity
(Fig. 4). We can also rule out the presence of a single activation
domain within the A, B, B�, E or DMZ domains for the same reason.
Mechanisms for Hb-mediated transcriptional activation consistent
with our data are: (1) Hb activates transcription indirectly by
blocking DNA binding of a repressor (Fig. 6A); (2) Hb has multiple
activation domains; or (3) the Hb activation domain is tightly linked
to an essential domain, such as the DBD. In any case, our VP16::Hb
experiments, together with our repression domain deletion
experiments, show that Hb-mediated transcriptional repression, not
transcriptional activation, is essential for maintaining neuroblast
competence and specifying early-born neuronal identity.

What are the Hb-repressed target genes that are involved in
extending neuroblast competence? One negatively regulated target
is pdm, as co-expression of Pdm with wild-type Hb failed to extend
neuroblast competence. However, overexpression of VP16::Hb in a
pdm mutant background (lacking both pdm1 and pdm2) was
incapable of extending neuroblast competence, showing that Hb
must repress multiple genes to extend competence. In the future,
further characterization of Hb function in the CNS will require
genomic analyses, such as chromatin immunoprecipitation to
identify Hb binding sites within the genome, or TU-tagging (Miller
et al., 2009) experiments to identify all the genes regulated by Hb
within the CNS. Such comparative analyses might help to elucidate
the complex gene interactions involved in regulating neuroblast
competence.

Acknowledgements
We thank Drs C. Chabu, M. Kohwi, S. Lai, M. Cleary and J. Hanawalt for
helpful discussions and/or comments on the manuscript and Drs T. Lee, L.
Tessarollo, D. Court, M. Lundell, J. Renitz, W. Odenwald and H. Jackle for their
generosity with reagents. This work was supported by an American Heart
Association pre-doctoral fellowship (K.D.T.), an NSF pre-doctoral fellowship
(M.R.M.) and NIH R01 HD27056 to C.Q.D., who is an HHMI Investigator.
Deposited in PMC for release after 6 months.

Competing interests statement
The authors declare no competing financial interests.

Supplementary material
Supplementary material for this article is available at
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.048678/-/DC1

References
Albertson, R., Chabu, C., Sheehan, A. and Doe, C. Q. (2004). Scribble protein

domain mapping reveals a multistep localization mechanism and domains
necessary for establishing cortical polarity. J. Cell Sci. 117, 6061-6070.

Baumgardt, M., Karlsson, D., Terriente, J., Diaz-Benjumea, F. J. and Thor, S.
(2009). Neuronal subtype specification within a lineage by opposing temporal
feed-forward loops. Cell 139, 969-982.

Berman, B. P., Nibu, Y., Pfeiffer, B. D., Tomancak, P., Celniker, S. E., Levine,
M., Rubin, G. M. and Eisen, M. B. (2002). Exploiting transcription factor

binding site clustering to identify cis-regulatory modules involved in pattern
formation in the Drosophila genome. Proc. Natl. Acad. Sci. USA 99, 757-762.

Berman, B. P., Pfeiffer, B. D., Laverty, T. R., Salzberg, S. L., Rubin, G. M.,
Eisen, M. B. and Celniker, S. E. (2004). Computational identification of
developmental enhancers: conservation and function of transcription factor
binding-site clusters in Drosophila melanogaster and Drosophila pseudoobscura.
Genome Biol. 5, R61.

Bischof, J., Maeda, R. K., Hediger, M., Karch, F. and Basler, K. (2007). An
optimized transgenesis system for Drosophila using germ-line-specific phiC31
integrases. Proc. Natl. Acad. Sci. USA 104, 3312-3317.

Bossing, T., Udolph, G., Doe, C. Q. and Technau, G. M. (1996). The embryonic
central nervous system lineages of Drosophila melanogaster. I. Neuroblast
lineages derived from the ventral half of the neuroectoderm. Dev. Biol. 179, 41-
64.

Brand, A. H. and Perrimon, N. (1993). Targeted gene expression as a means of
altering cell fates and generating dominant phenotypes. Development 118, 401-
415.

Broadus, J., Skeath, J. B., Spana, E. P., Bossing, T., Technau, G. and Doe, C. Q.
(1995). New neuroblast markers and the origin of the aCC/pCC neurons in the
Drosophila central nervous system. Mech. Dev. 53, 393-402.

Cepko, C. L. (1999). The roles of intrinsic and extrinsic cues and bHLH genes in the
determination of retinal cell fates. Curr. Opin. Neurobiol. 9, 37-46.

Cleary, M. D. and Doe, C. Q. (2006). Regulation of neuroblast competence:
multiple temporal identity factors specify distinct neuronal fates within a single
early competence window. Genes Dev. 20, 429-434.

Desai, A. R. and McConnell, S. K. (2000). Progressive restriction in fate potential
by neural progenitors during cerebral cortical development. Development 127,
2863-2872.

Doe, C. Q. and Skeath, J. B. (1996). Neurogenesis in the insect central nervous
system. Curr. Opin. Neurobiol. 6, 18-24.

Elliott, J., Jolicoeur, C., Ramamurthy, V. and Cayouette, M. (2008). Ikaros
confers early temporal competence to mouse retinal progenitor cells. Neuron
60, 26-39.

Gaul, U., Seifert, E., Schuh, R. and Jackle, H. (1987). Analysis of Kruppel protein
distribution during early Drosophila development reveals posttranscriptional
regulation. Cell 50, 639-647.

Grosskortenhaus, R., Pearson, B. J., Marusich, A. and Doe, C. Q. (2005).
Regulation of temporal identity transitions in Drosophila neuroblasts. Dev. Cell 8,
193-202.

Grosskortenhaus, R., Robinson, K. J. and Doe, C. Q. (2006). Pdm and Castor
specify late-born motor neuron identity in the NB7-1 lineage. Genes Dev. 20,
2618-2627.

Han, K. and Manley, J. L. (1993). Functional domains of the Drosophila Engrailed
protein. EMBO J. 12, 2723-2733.

Hanashima, C., Li, S. C., Shen, L., Lai, E. and Fishell, G. (2004). Foxg1
suppresses early cortical cell fate. Science 303, 56-59.

Harrison, D. A., Binari, R., Nahreini, T. S., Gilman, M. and Perrimon, N.
(1995). Activation of a Drosophila Janus kinase (JAK) causes hematopoietic
neoplasia and developmental defects. EMBO J. 14, 2857-2865.

Hoch, M., Seifert, E. and Jackle, H. (1991). Gene expression mediated by cis-
acting sequences of the Kruppel gene in response to the Drosophila
morphogens bicoid and hunchback. EMBO J. 10, 2267-2278.

Hulskamp, M., Pfeifle, C. and Tautz, D. (1990). A morphogenetic gradient of
hunchback protein organizes the expression of the gap genes Kruppel and
knirps in the early Drosophila embryo. Nature 346, 577-580.

Hulskamp, M., Lukowitz, W., Beermann, A., Glaser, G. and Tautz, D. (1994).
Differential regulation of target genes by different alleles of the segmentation
gene hunchback in Drosophila. Genetics 138, 125-134.

Isshiki, T., Pearson, B., Holbrook, S. and Doe, C. Q. (2001). Drosophila
neuroblasts sequentially express transcription factors which specify the temporal
identity of their neuronal progeny. Cell 106, 511-521.

Jaynes, J. B. and O’Farrell, P. H. (1991). Active repression of transcription by the
engrailed homeodomain protein. EMBO J. 10, 1427-1433.

Kambadur, R., Koizumi, K., Stivers, C., Nagle, J., Poole, S. J. and Odenwald,
W. F. (1998). Regulation of POU genes by castor and hunchback establishes
layered compartments in the Drosophila CNS. Genes Dev. 12, 246-260.

Kehle, J., Beuchle, D., Treuheit, S., Christen, B., Kennison, J. A., Bienz, M.
and Muller, J. (1998). dMi-2, a hunchback-interacting protein that functions in
polycomb repression. Science 282, 1897-1900.

Kosman, D., Small, S. and Reinitz, J. (1998). Rapid preparation of a panel of
polyclonal antibodies to Drosophila segmentation proteins. Dev. Genes Evol.
208, 290-294.

Lai, S. L. and Lee, T. (2006). Genetic mosaic with dual binary transcriptional
systems in Drosophila. Nat. Neurosci. 9, 703-709.

Lai, Z. C., Fortini, M. E. and Rubin, G. M. (1991). The embryonic expression
patterns of zfh-1 and zfh-2, two Drosophila genes encoding novel zinc-finger
homeodomain proteins. Mech. Dev. 34, 123-134.

Markstein, M., Pitsouli, C., Villalta, C., Celniker, S. E. and Perrimon, N.
(2008). Exploiting position effects and the gypsy retrovirus insulator to engineer
precisely expressed transgenes. Nat. Genet. 40, 476-483.

1429RESEARCH ARTICLEHb regulation of temporal identity

D
E
V
E
LO

P
M
E
N
T



1430

Maurange, C., Cheng, L. and Gould, A. P. (2008). Temporal transcription factors
and their targets schedule the end of neural proliferation in Drosophila. Cell
133, 891-902.

Miller, M. R., Robinson, K. J., Cleary, M. D. and Doe, C. Q. (2009). TU-tagging:
cell type-specific RNA isolation from intact complex tissues. Nat. Methods 6,
439-441.

Novotny, T., Eiselt, R. and Urban, J. (2002). Hunchback is required for the
specification of the early sublineage of neuroblast 7-3 in the Drosophila central
nervous system. Development 129, 1027-1036.

Odenwald, W. F., Rasband, W., Kuzin, A. and Brody, T. (2005). EVOPRINTER, a
multigenomic comparative tool for rapid identification of functionally important
DNA. Proc. Natl. Acad. Sci. USA 102, 14700-14705.

Pankratz, M. J., Busch, M., Hoch, M., Seifert, E. and Jackle, H. (1992). Spatial
control of the gap gene knirps in the Drosophila embryo by posterior
morphogen system. Science 255, 986-989.

Papatsenko, D. and Levine, M. S. (2008). Dual regulation by the Hunchback
gradient in the Drosophila embryo. Proc. Natl. Acad. Sci. USA 105, 2901-2906.

Patel, N. H., Martin-Blanco, E., Coleman, K. G., Poole, S. J., Ellis, M. C.,
Kornberg, T. B. and Goodman, C. S. (1989). Expression of engrailed proteins
in arthropods, annelids, and chordates. Cell 58, 955-968.

Patel, N. H., Condron, B. G. and Zinn, K. (1994). Pair-rule expression patterns of
even-skipped are found in both short- and long-germ beetles. Nature 367, 429-
434.

Pearson, B. J. and Doe, C. Q. (2003). Regulation of neuroblast competence in
Drosophila. Nature 425, 624-628.

Pelegri, F. and Lehmann, R. (1994). A role of polycomb group genes in the
regulation of gap gene expression in Drosophila. Genetics 136, 1341-1353.

Rapaport, D. H., Patheal, S. L. and Harris, W. A. (2001). Cellular competence
plays a role in photoreceptor differentiation in the developing Xenopus retina. J.
Neurobiol. 49, 129-141.

Rivera-Pomar, R., Lu, X., Perrimon, N., Taubert, H. and Jackle, H. (1995).
Activation of posterior gap gene expression in the Drosophila blastoderm.
Nature 376, 253-256.

Schmid, A., Chiba, A. and Doe, C. Q. (1999). Clonal analysis of Drosophila
embryonic neuroblasts: neural cell types, axon projections and muscle targets.
Development 126, 4653-4689.

Schulz, C. and Tautz, D. (1994). Autonomous concentration-dependent
activation and repression of Kruppel by hunchback in the Drosophila embryo.
Development 120, 3043-3049.

Siegrist, S. E. and Doe, C. Q. (2005). Microtubule-induced Pins/Galphai cortical
polarity in Drosophila neuroblasts. Cell 123, 1323-1335.

Struhl, G., Johnston, P. and Lawrence, P. A. (1992). Control of Drosophila body
pattern by the hunchback morphogen gradient. Cell 69, 237-249.

Sun, L., Liu, A. and Georgopoulos, K. (1996). Zinc finger-mediated protein
interactions modulate Ikaros activity, a molecular control of lymphocyte
development. EMBO J. 15, 5358-5369.

Tautz, D., Lehman, R., Schnurh, H., Schuh, R., Seifert, E., Kienlin, A., Jones,
K. and Jäckle, H. (1987). Finger protein of novel structure encoded by
hunchback, a second member of the gap class of Drosophila segmentation
genes. Nature 327, 383-389.

Tran, K. D. and Doe, C. Q. (2008). Pdm and Castor close successive temporal
identity windows in the NB3-1 lineage. Development 135, 3491-3499.

Treisman, J. and Desplan, C. (1989). The products of the Drosophila gap genes
hunchback and Kruppel bind to the hunchback promoters. Nature 341, 335-
337.

Triezenberg, S. J., Kingsbury, R. C. and McKnight, S. L. (1988). Functional
dissection of VP16, the trans-activator of herpes simplex virus immediate early
gene expression. Genes Dev. 2, 718-729.

Walsh, C. and Reid, C. (1995). Cell lineage and patterns of migration in the
developing cortex. Ciba Found. Symp. 193, 21-40.

Warming, S., Costantino, N., Court, D. L., Jenkins, N. A. and Copeland, N. G.
(2005). Simple and highly efficient BAC recombineering using galK selection.
Nucleic Acids Res. 33, e36.

Wimmer, E. A., Carleton, A., Harjes, P., Turner, T. and Desplan, C. (2000).
Bicoid-independent formation of thoracic segments in Drosophila. Science 287,
2476-2479.

RESEARCH ARTICLE Development 137 (9)

D
E
V
E
LO

P
M
E
N
T


	SUMMARY
	KEY WORDS: Hunchback, Ikaros, Competence, Neurogenesis, Temporal identity, Transcription, Drosophila
	INTRODUCTION
	MATERIALS AND METHODS
	Generation of VP16::Hb chimeric protein
	Generation of tagged Hb deletion proteins
	Fly stocks
	Molecular markers and immunostaining
	Microscopy and statistical analysis

	RESULTS
	VP16::Hb activates both positively and negatively regulated Hb direct target
	VP16::Hb activates all known Hb-regulated genes in the CNS
	Overexpression of VP16::Hb in the CNS reveals that Hb maintains
	Identification of two domains required for Hb transcriptional repression
	Hb repression domains are required for maintenance of neuroblast competence
	Hb repression domains are required for the specification of first-born

	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Table 1.
	Fig. 5.
	DISCUSSION
	Fig. 6.
	Supplementary material
	References

