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Differential gene expression is the most versatile and employed 
mechanism to generate cell diversity during development [1]. There 
are many macromolecular complexes that impinge on transcription, 
including the general transcription machinery [2], chromatin 
modifying enzymes driving histone acetylation, methylation or 
phosphorylation [3], nucleosome remodelers [4] and sequence-specific 
Transcription Factors (TF; [5,6]. These last proteins provide specificity 
to the regulation of gene expression by binding to 6-10 bp DNA 
sequences present in the regulatory regions of their target genes, where 
they recruit other transcriptional activators or repressors [7]. There are 
many instances during development where TFs function in complex 
networks in which each TF is part of a combinatorial code regulating 
the expression of one or very few downstream genes present in a Gene 
Regulatory Networks, GRN) [8]. Perhaps the most paradigmatic 
example occurs during Drosophila embryonic segmentation, where a 
hierarchy of TFs generates progressively smaller and periodic domains 
of gene expression [9]. In segmentation, as in many other examples, 
TFs arranged in GRN contribute to generate ordered spatio-temporal 
transcriptional heterogeneities in a developing tissue [10]. The 
components, structure and regulatory logic of such networks can be 
dissected through the use of Chromatin Immunoprecipitation (ChIP) 
and genome-wide gene expression assays combined with genetic 
analyses and a variety of reporter expression experiments [9].

In contrast to TFs with high DNA sequence specificity binding and 
few target downstream genes, other TFs display lower binding specificity 
and affect the expression of large sets of target genes [11]. In these last 
cases, it is much more difficult to determine their molecular functions, 
which ultimately depends on the identification of the genes they 
regulate, the sequences they bind and the mechanism of transcriptional 
regulation in which they participate. Examples of these TFs are the Hox 
genes, a conserved set of proteins with homeodomain DNA binding 
motives that determine morphological differences among homologous 
structures [12]. These TFs were considered as master regulators because 
of the systemic effects of their mutations, but more recently they were 
described as “micromanagers”, due to their ability to regulate the 
expression of a multiplicity of targets [13]. The Hox TFs show pervasive 
DNA binding and cause quantitatively weak effects on the expression 
levels of a large number of target genes [14]. Another family of TFs 
showing similar characteristics to the Hox genes are the Spalt proteins 
(Sal). These proteins are conserved from worms to humans, and they 
contain several pairs of zinc finger domains and a Glutamine rich region 
[15]. Human Sal genes (Sall1-4) had attracted considerable attention 
because of their involvement in the genetic diseases Townes Brocks 
syndrome (SALL1) and Okihiro syndrome (Sall4), their implication in 
a variety of cancers (Sall2) and their developmental roles during stem 
cell formation and organogenesis [15,16]. 

The sal genes were originally identified in flies, where they 
participate in a variety of developmental processes including trachea 
and limb formation and neural determination [15,17]. They play a key 
role in the formation of the fly wing, acting downstream of the BMP 
signalling pathway to regulate vein patterning and to modulate general 
cellular properties in broad cellular territories [18]. The function of Sal 
proteins in patterning suggests that they act as members of the GRNs 
regulating the subdivision of the wing epithelium in gene expression 
domains [11], in a process that bears strong similarities with embryonic 
segmentation [11]. Interestingly, the Sal transcription factors are also 

required for the modulation of cell division, adhesion, survival and 
polarity in the central region of the wing, their territory of expression 
[18]. A recent work indicates that the Spalt proteins regulate the 
expression of multitude of target genes in the wing epithelium [19,20] 
(Figure 1). We assume that it is the ability of these proteins to interact 
with multiple cofactors and DNA sequences what confers a rich 
versatility to their biological functions.

Understanding how the Sal proteins combine a general impact on 
transcription during the formation of the central region of the wing with 
exquisite precision and target specificity during vein patterning requires 
knowing how they regulate gene expression. To date, several studies 
suggest that Sal proteins act as transcriptional repressors [21] and that 
they exert this activity by recruiting epigenetic modifiers. For example, 
the mouse ortholog Sall1 behaves as a direct negative regulation of 
transcription [19] and transcriptional repression by Sall1 in luciferase 
assays is reduced by the Histone deacetylase (HDAC) inhibitor 
Trichostatin A (TSA). This observation suggests that Sall1 transcriptional 
repression is HDAC-dependent. In fact, Sall1 interacts with HDAC1, 
HDAC2 and RbAp46/48 (common components of the NuRD and Sin3A 
deacetylase complexes), and also with MTA1/2 (specific component 
of NuRD complexes). Subsequently, it was show that Sall1 and Sall4 
interact with Mi2/NuRD chromatin remodelling complexes [22,23]. In 
addition to deacetylases, Sall4 is also able to recruit the lysine-specific 
histone demethylase 1 to its transcriptional targets in adult mouse bone 
marrow cells where it has a critical role in haematopoiesis [23]. All this 
results emphasize the importance of histone-tail modifications in the 
transcriptional repression mediated by Sal proteins. However, it is still 
unclear what DNA sequences are recognised by Sal transcription factors 
to bring these complexes to specific genomic regions. Although it has not 
yet been possible to define a unique consensus DNA binding sequence 
for Sal proteins, it is known that an A/T-rich region is necessary for 
Sall1 binding in mouse embryonic stem cells and fibroblast [24] and an 
A/T-rich sequence is also required for Drosophila Spalt-related DNA 
binding in vitro [17]. Also, Sall2 can activate the expression of p16 
by binding to a G/C-rich region in its promoter [25], but the precise 
sequences and in vivo mechanism by which Sal proteins recognize and 
bind to its cis-regulatory elements reminds to be clarified. It is most 
likely that Sal cofactors play a key role in determining target specificity. 
An additional complication, which is not in full agreement with Sal 
function as sequence-specific TFs, is that these proteins have been found 
to localise in pericentromeric heterochromatic regions of DNA [21]. 
Furthermore, SALL1 partially localises with M31, the mouse homolog 
of the Drosophila heterochromatic protein HP1, and interacts with an 
isoform of the telomere-repeat-binding factor 1 (TRF1) [21,24]. These 
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observations suggest that Sal proteins might play a more generalized 
role in the generation or maintenance of heterochromatin, and affect 
gene expression by acting as determinants of chromatin structure. The 
identification of a large set of Sal downstream genes opens the possibility 
of identifying the DNA sequences mediating this regulation, as well as 
the cofactors and mechanisms by which Sal regulates gene expression 
[26,27].
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Figure 1: Regulatory networks in which the Spalt proteins participate during the development of the Drosophila wing.
(A) Regulatory networks involved in the positioning of the L2 vein (Dpp; decapentaplegic (Dpp) signalling, Optix, Sal and Kni), and other gene regulatory processes 
requiring Spalt and involving the activation or repression of a variety of Sal target genes (Y1 to Yz and X1 to Xz, respectively). (B-B’) Example of a gene (CG42330) 
requiring Sal activity for normal expression in the central region of the wing blade epithelium. The normal expression of the gene (B) is reduced in the centre of the 
wing blade in sal mutant conditions (B’). (C-C’) Example of a gene (CG12505) repressed by Sal activity in the central region of the wing blade epithelium. The gene is 
normally not expressed in the wing disc (C) but expressed at high levels in the central region of the wing blade in sal mutant condition (C´). Images in B-C’ correspond 
to in situ hybridization with probes for the genes CG42330 (B-B’) and CG12505 (C-C’), in wild type discs (B and C) and in sal mutant discs (B´and C´). (D) Expression 
of Sal (green), Optix (red) and Kni (Blue in the wing blade region of the wing disc.
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