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Abstract 

The HMG-box protein Capicua (Cic) is a conserved transcriptional repressor that 
functions downstream of receptor tyrosine kinase (RTK) signaling pathways in a 
relatively simple switch: in the absence of signaling, Cic represses RTK-responsive 
genes by binding to nearly invariant sites in DNA, whereas activation of RTK signaling 
downregulates Cic activity, leading to derepression of its targets. This mechanism 
controls gene expression in both Drosophila and mammals, but whether Cic can also 
function via other regulatory mechanisms remains unknown. Here we characterize an 
RTK-independent role of Cic in regulating spatially restricted expression of Toll/IL-1 
signaling targets in Drosophila embryogenesis. We show that Cic represses those 
targets by binding to suboptimal DNA sites of lower affinity than its known consensus 
sites. This binding depends on Dorsal/NF-kB, which translocates into the nucleus upon 
Toll activation and binds next to the Cic sites. As a result, Cic binds to and represses 
Toll targets only in regions with nuclear Dorsal. These results reveal a new mode of Cic 
regulation unrelated to the well-established RTK-Cic depression axis and implicate 
cooperative binding in conjunction with low-affinity binding sites as an important 
mechanism of enhancer regulation. Given that Cic plays a role in many developmental 
and pathological processes in mammals, our results raise the possibility that some of 
these Cic functions are independent of RTK regulation and may depend on cofactor-
assisted DNA binding. 

 

 

Significance statement 

Capicua (Cic) is a conserved transcriptional repressor involved in receptor tyrosine 
kinase (RTK)-dependent gene regulation. Cic controls numerous physiological and 
pathological processes in flies and mammals, but whether all Cic functions are 
connected to RTK signaling remains unclear. Here we show that Cic represses Toll/IL-1 
signaling targets in Drosophila embryos independently of RTK control. In this context, 
Cic functions via suboptimal DNA sites that it cannot recognize on its own. Instead, Cic 
binding requires the Dorsal/NF-kB protein, which enters the nucleus following Toll 
activation and binds next to the Cic sites. Thus, Cic exerts more diverse mechanisms of 
control than previously realized, raising the possibility that RTK-independent 
mechanisms and/or suboptimal DNA binding may also underlie Cic function in other 
contexts. 
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\bodyIntroduction 

The HMG-box protein Capicua (Cic) is a conserved transcriptional repressor with key 
functions downstream of Receptor Tyrosine Kinase (RTK) signaling (1). In both 
Drosophila and mammals, Cic acts antagonistically to the RTK pathway: Cic represses 
RTK-responsive genes in unstimulated cells and tissues, whereas RTK signaling via 
mitogen-activated protein kinase (MAPK) activation inhibits Cic activity and thus leads 
to derepression of its targets. This molecular switch has been well studied during 
Drosophila development (1, 2). For example, during early embryogenesis Cic represses 
two zygotic genes, tailless (tll) and huckebein (hkb), in the central region of the embryo, 
and this repression is relieved by Torso RTK signaling at the anterior and posterior 
embryonic poles (3-6). In mammals, Cic also controls multiple processes and is 
implicated in neurodegeneration and tumorigenesis, where it behaves as a tumor and 
metastasis suppressor (1, 7-10). However, it is not yet clear whether Cic functions are 
always under RTK regulation or can also involve other types of responses. 
 
Here, we define a mechanism of Cic transcriptional regulation distinct from the RTK 
switch. This mechanism operates during dorsoventral (DV) patterning of the 
Drosophila embryo, which is controlled by the localized activation of the 
Toll/Interleukin-1 (IL-1) receptor on the ventral surface of the embryo (Fig. 1A) (11, 
12). During Toll signaling, the phosphorylation-dependent disassembly of cytoplasmic 
Cactus-Dorsal complexes allows Dorsal (an NF-kB-related transcription factor) to enter 
the nucleus (13). This produces a nuclear gradient of Dorsal with maximal levels in 
ventral regions and progressively lower levels in lateral and dorsal regions. Dorsal 
controls DV patterning by mediating either activation or repression of multiple targets 
(11, 12) (Fig. 1A). Although this network is largely independent of RTK regulation, we 
now demonstrate that Cic plays an essential role in Dorsal-mediated repression. 
 
The mechanisms responsible for Dorsal-mediated repression have proven difficult to 
unravel (11, 12). This repression is known to require conserved A/T-rich (hereafter AT) 
sites located close to Dorsal binding sites in target enhancers (14, 15), as well as 
auxiliary factors such as the Groucho (Gro) corepressor (16, 17). However, the identity 
of the factor(s) that recognize the AT sites and how they function together with Dorsal 
and Gro remains unclear. In addition, we previously proposed that Cic could be 
involved in repression of Dorsal-dependent targets (3), but this potential role has been 
difficult to study for two reasons. First, Cic has an earlier role in regulating DV 
patterning during oogenesis (4, 18, 19), which is critical for the formation of the Dorsal 
gradient and complicates the study of Cic activity in Dorsal-dependent control. Second, 
the analysis of Cic DNA binding has been problematic and it only recently came to light 
that Cic requires not only its HMG-box domain but an additional conserved domain, 
referred to as C1, for DNA binding (20).   
 
In this paper, we have overcome these limitations and analyzed the roles of Cic, Dorsal 
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and Gro in repression of Dorsal targets such as zerknullt (zen), tolloid (tld) and 
decapentaplegic (dpp). We report that Cic directly represses both genes in ventral 
regions of the embryo by binding to AT sites of lower affinity than Cic sites present in 
its RTK-regulated targets. We show that Dorsal facilitates, and thus spatially controls, 
the binding of Cic to these suboptimal sites in ventral nuclei, and that binding does not 
occur in dorsal nuclei lacking Dorsal protein. We also show that Cic represses Dorsal 
targets via Gro, and that Dorsal is dispensable for repression per se, indicating that 
Dorsal functions in this context mainly as a DNA binding cofactor for Cic.  
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Results 

Cic functions in Dorsal-mediated repression in the embryo  

To further characterize the role of Cic in DV regulation, we searched for new cic mutant 
alleles that might uncouple Cic functions in oogenesis and embryogenesis. In both 
Drosophila and mammals, Cic is expressed as short (Cic-S) and long (Cic-L) isoforms 
(21, 22). Although Drosophila Cic-S (isoform A in FlyBase) is believed to function in 
both the early embryo and the ovarian follicle cells (3, 4), we used CRISPR-Cas9-
mediated mutagenesis to generate specific mutations affecting only this isoform. One 
resulting mutation, cic5, is a frameshift allele that truncates Cic-S after the initiator 
methionine residue (Table S1 and Fig. S1A), thereby inactivating this isoform 
completely without affecting Cic-L. Surprisingly, cic5 did not affect Cic function in the 
follicle cells as judged by normal expression of Cic targets in those cells (Fig. S1B-D), 
indicating that the described Cic-S isoform is dispensable in that context (see also Fig. 
S2). Accordingly, the embryos laid by cic5 females exhibit normal expression of twist 
(twi), a gene activated by Dorsal in ventral regions (Fig. S1E-G). However, these 
embryos show full derepression of zen up to the ventral midline (Fig. S1E-G). A similar 
result was obtained by analyzing a reporter driven by the Ventral Repression Element 
(VRE) cis-regulatory module (CRM) of zen, which controls its early embryonic 
expression (refs. 14 and 15 and references therein) (Fig. 1 B, C, F and G). These 
findings strongly indicate that Cic acts in the early embryo to repress the zen VRE. 

To confirm this idea, we reasoned that Cic should be required for repression of the VRE 
even when Dorsal is constitutively present in embryonic nuclei independently of prior 
patterning events in the follicle cells. To this end, we used embryos devoid of Cactus 
(Cact) protein, in which Dorsal is present in all embryonic nuclei thus leading to 
repression of the VRE in dorsal regions (23) (Fig. 1 A, D and H). We found that such 
repression is fully abolished along the entire DV axis by the additional loss of Cic 
function (Fig. 1 E and I), showing that Cic is indeed required for VRE repression in the 
embryo.  

Cic represses zen and tld by directly binding to their AT sites  

We wondered whether Cic might act through the AT sites present in the VRE (Fig. 2A). 
Indeed, these sites resemble optimal Cic binding sites (CBSs, T(C/G)AATGAA) except 
for a single mismatch (Fig. 2B). When tested in electrophoretic mobility shift assays 
(EMSAs), these AT sites were detectably bound by Cic, albeit with much lower affinity 
(between 7.5- and 12.5-fold less) than a regular CBS (Fig. 2 C and D). This weaker 
binding was specific, as it was abolished by point mutations in the AT sites, as well as 
in the HMG-box or C1 domains of Cic, which are both required for binding to regular 
CBSs (20) (Fig. 2 C and D). Conversely, converting an AT site into an optimal CBS 
(AT2opt) enhanced Cic binding considerably (Fig. 2 B and D). Together, these findings 
suggested that Cic could repress zen by binding to the AT sites via its HMG-box and C1 
domains. 

To evaluate this further, we dissected out three AT-Dorsal binding site pairs from the 
VRE and inserted them as a tandem array in the upstream region of the Sex-lethal (Sxl) 
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gene, a regulator of sex determination that is expressed uniformly in female blastoderm 
embryos (24) (Fig. 2E and Fig. S3). Therefore, the final reporter construct (SxlAT/Dl(0-2)-
lacZ) contains multimerized AT-Dorsal binding motifs but lacks other intervening and 
flanking sequences of the VRE. When assayed in otherwise wild-type embryos, 
SxlAT/Dl(0-2)-lacZ was repressed in ventral regions (Fig. 2F), much like the normal VRE-
lacZ reporter (Fig. 1F). In contrast, repression was abolished in both cic5 and dorsal 
mutant embryos (Fig. 2G and H), indicating that Cic acts through the AT sites in a 
Dorsal-dependent fashion. Furthermore, in a set of analogous experiments, we found 
that Cic represses another Dorsal target, tld, through conserved AT sites linked to 
Dorsal sites (Fig. S4; see also below). 

Cic is present in ventral and dorsal embryonic nuclei, yet zen and tld are repressed only 
ventrally where Dorsal is also present. This suggests that the in vivo binding of Cic to 
the AT sites might depend on the binding of Dorsal to neighboring sites. Alternatively, 
Cic could bind the AT sites in dorsal regions but be unable to repress their targets 
without Dorsal. To help distinguish between these possibilities, we converted each AT 
site in the VRE to an optimal CBS (Fig. 2B). If Dorsal is critical for Cic’s ability to 
repress but not for Cic binding, repression in this reporter should still be Dorsal- 
dependent. However, the resulting reporter, VREOPT-lacZ, is repressed along the entire 
DV axis except at the embryo poles (Fig. 2I). This expression actually resembles that of 
hkb, a target of Cic regulated by Torso signaling (6). The VREOPT-lacZ reporter was 
strongly derepressed in cic5 embryos (Fig. 2J), suggesting that this effect is mediated by 
Cic and not by other repressors binding to these sites. Importantly, the expression was 
unaltered in embryos devoid of Dorsal (Fig. 2K), suggesting that Cic binding to these 
sites no longer required Dorsal. Thus, when Cic binds the VRE through optimal sites, it 
readily represses it in either ventral or dorsal regions independently of Dorsal, but when 
Cic binds through suboptimal AT sites, it can only repress in ventral nuclei, where 
Dorsal is also present. Together, these results indicate that Dorsal facilitates the binding 
of Cic to its low affinity sites in ventral regions.  

Dorsal promotes binding of Cic to suboptimal AT sites 

To directly test the requirement of Dorsal for Cic binding to low affinity sites, we used 
ChIP-nexus (Chromatin Immunoprecipitation with nucleotide resolution through 
exonuclease, unique barcode and single ligation), a ChIP-exo-based protocol for high-
resolution detection of binding sites in vivo (25). We obtained ChIP-nexus signals for 
Cic and Dorsal in two genetic backgrounds: embryos with constitutive Toll signaling 
and hence uniform Dorsal nuclear localization (derived from Toll10b females), and 
embryos without Toll activity and therefore lacking Dorsal protein in nuclei (derived 
from gastrulation defective mutant – gd7 – females). In Toll10b embryos, Dorsal 
produced footprints in zen and tld, including those corresponding to Dorsal sites 0 to 3 
within the zen VRE and site 1 within the tld CRM (Fig. 3A and Fig. S5). Cic, on the 
other hand, produced specific peaks in close proximity to the AT sites flanking the 
Dorsal sites. Notably, the Dorsal profile also showed binding around the AT sites, 
which indicates a dependency between Dorsal and Cic binding, perhaps through direct 
physical interactions (Fig. 3A, close-up of the zen VRE). Most importantly, Cic did not 
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bind its zen and tld sites in gd7 embryos devoid of nuclear Dorsal protein (Fig. 3A and 
Fig. S5). In contrast, Cic binding was not reduced in gd7 versus Toll10b mutants at 
control enhancers such as those of hkb and tll (Fig. 4A), which are repressed by Cic via 
optimal CBSs along the entire DV axis (6). This further supports our conclusion that 
Cic binding to suboptimal AT sites depends on Dorsal, while Cic binding to optimal 
CBSs does not.   

Similar Dorsal-dependent binding of Cic was also observed at other enhancers driving 
dorsal-specific expression in the early embryo. For example, the dpp enhancer which, 
like the zen and tld CRMs, was known to contain ventral-specific repression sequences 
(26), has a conserved AT-Dorsal pair with Dorsal-dependent Cic binding (Fig. 3A, Fig. 
S5 and Fig. S6). Furthermore, more recently identified dorsal ectodermal enhancers 
such as those of schnurri (shn) and Dorsocross2 (Doc2) (27), but not the intermediate 
neuroblasts defective (ind) enhancer, which is regulated by Cic via optimal CBSs and 
RTK-mediated derepression (6, 28), show Dorsal-dependent binding of Cic (Fig. 3B 
and Fig. S5). We also noted that anterior-posterior (AP) genes previously found to 
exhibit altered expression in cic mutants, including orthodenticle (otd) and giant (gt) (5, 
29), did not show Cic ChIP-nexus footprints, suggesting that this effect is indirect (Fig. 
3B). 

We next tested more systematically whether Dorsal-dependent binding of Cic to the 
genome tends to be mediated through low-affinity Cic sites next to Dorsal sites. We 
first identified two sets of Cic-bound regions containing a Cic motif, one where Cic 
binds in both Toll10b and gd7 embryos (Dorsal-independent Cic binding, n=56) and one 
where Cic binds in Toll10b but not gd7 samples (Dorsal-dependent Cic binding, n=59). 
The average Dorsal-dependent Cic footprint is remarkably strong in signal and looks 
very similar in shape to the Dorsal-independent footprint (Fig. 3C). However, the motif 
content shows striking differences between both sets. In the first set, most Cic sites are 
high-affinity CBSs, while the second set has a much larger fraction of suboptimal sites 
with mismatches (71% AT sites versus 37.5% in the first set, p < 0.0004, Fisher test) 
(Fig. 3D). At the same time, the second set has a much higher fraction of Dorsal binding 
sites in the vicinity of the Cic motif (75% Dorsal sites versus 12.5% in the first set, p < 
10-11, Fisher test) (Fig. 3E). Together, these results provide genome-wide evidence that 
Dorsal-dependent binding of Cic to DNA depends on low-affinity sites linked to nearby 
Dorsal sites. 

Cic represses zen via the Gro corepressor 

The preceding results indicate that Dorsal mediates repression of its DV targets by 
facilitating Cic binding to low-affinity sites, rather than enabling Cic’s ability to repress. 
To further test this idea, we analyzed the relationship between Dorsal, Cic and Gro, the 
corepressor required for Dorsal-mediated repression (16, 17). Gro is a WD-repeat factor 
that is recruited to target enhancers via interactions with short peptide motifs present in 
transcriptional repressors (30, 31). Both Cic and Dorsal contain eh1-like motifs that 
have been implicated in Gro-mediated repression (22, 32), but their relative importance 
in Dorsal-mediated repression has not been assessed. We have therefore used CRISPR-
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Cas9 to create cic and dl mutants that lack the eh1-like motif (Table S1, Fig. S7). We 
found that the eh-1-like motif of Cic (referred to as N2, Fig. 4A) plays a more important 
role in zen repression (S7A-H). Consistent with this result, we also found that N2 has 
stronger intrinsic repressor activity than the Dorsal eh-1-like motif in an in vivo 
repressor assay (Fig. S7I-O). 

To confirm a critical role of N2 in the repression of DV targets, we used a gro allele 
(groMB41) which prevents Gro from binding to canonical eh1 motifs of proteins such as 
Engrailed (En), but does not affect Cic-mediated repression via the N2 motif in AP 
patterning (22, 33) (Fig. 4B). Consistent with the above results, groMB41 embryos (laid 
by females carrying groMB41 germline clones) show normal zen expression (Fig. 4E), 
indicating that GroMB41 is functional in DV repression. We then reasoned that if N2 is 
the main element mediating Gro-dependent repression of zen, replacing this motif with 
a canonical eh1 peptide should render zen repression sensitive to the groMB41 mutation 
(Fig. 4 A and B). Indeed, replacing N2 by the eh1 peptide of En produced a functional 
chimera (Ciceh1; Fig. 4A) that was capable of repressing zen (Fig. 4 C and D). However, 
Ciceh1 was unable to repress zen in groMB41 embryos (Fig. 4F), indicating that N2 is 
essential for GroMB41 repressor activity in this context. This strongly suggests that 
binding of the Cic N2 motif to Gro is critical for zen repression in vivo, while the eh1-
like motif of Dorsal is dispensable. This further supports our conclusion that the main 
repressive function of Dorsal is to facilitate DNA binding of Cic, which in turn recruits 
Gro.  

Cic mediates cross-regulation between Torso and Toll signaling   

The above results identify a role for Cic in DV patterning that is distinct from its usual 
mode of regulation by RTK signaling. RTK signaling by Torso (and MAPK activity) is 
localized at the embryo poles at this stage and cannot account for the differential 
regulation of Cic targets across the DV axis. However, VRE- and VREOPT-lacZ reporter 
expression is notably derepressed at the poles, suggesting that Torso signaling might 
limit the repression of DV targets by MAPK-mediated phosphorylation and 
downregulation of Cic. Indeed, this would explain why constitutive Torso activity 
throughout the embryo leads to zen derepression in ventral regions (34). To test if Cic 
mediates the cross-regulation between Torso and Toll signaling (Fig. 5A), we 
ectopically activated Torso via ubiquitous expression of the Torso-like (Tsl) 
determinant in follicle cells (35). As expected, this caused clear derepression of the 
VRE-lacZ reporter (Fig. 5B). If this derepression is mediated through MAPK-mediated 
downregulation of Cic, we reasoned that a MAPK-insensitive form of Cic should 
restore VRE-lacZ repression on the ventral side. Indeed, when crossed with cic alleles in 

which the C2 MAPK-docking motif was deleted (cicC2, ref. 4) or mutated (cic3, ref. 
36), VRE-lacZ expression was almost normal again (Fig. 5 C and D). The only 
difference was that repression was now also observed at the poles (Fig. 5 C and D), 
consistent with Torso signaling being no longer able to antagonize VRE-lacZ repression 
by downregulating Cic. This demonstrates that Cic is sensitive to RTK downregulation 
during the repression of Dorsal targets but that its principle mode of operation during 
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DV patterning, selective repression in the presence of Dorsal, occurs independently of 
RTK signaling.  
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Discussion 

Cic is a conserved regulator of RTK responses, but it has been unclear whether Cic 
always functions in connection with RTK signaling. This paper reveals an RTK-
independent role of Cic downstream of Toll signaling, which is based on a new 
regulatory principle: whereas RTK signaling downregulates Cic causing derepression of 
its targets, Toll signaling promotes Cic-mediated repression (Fig. 6). It does so by 
inducing the nuclear translocation of Dorsal, which in turn is required for Cic binding to 
low-affinity AT sites in target genes. In this manner, Cic recognizes sites of different 
affinities to orchestrate transcriptional responses along the AP and DV embryonic axes 
(Fig. S8). Recently, it has been shown that some ubiquitously expressed transcriptional 
repressors may play a role across both the Drosophila AP and DV embryonic axes by 
coordinating the timing of gene expression (37). Instead, our work shows how a single 
ubiquitously expressed transcriptional repressor can control the simultaneous spatial 
subdivision of two orthogonal axes by receiving input from two different signaling 
pathways and by binding to either high- or low-affinity sites. 

Our findings significantly extend previous work highlighting the importance of 
suboptimal DNA binding sites in conferring specificity to developmental enhancers (38-
40). Suboptimal sites can help increase the binding specificity for different members of 
the Hox proteins and their co-factors (38). They may also increase the specificity for a 
combinatorial input, as suboptimal binding sites in the Ciona Otx-a enhancer are 
important to ensure that activation only occurs in tissues where GATA factor is 
expressed and FGF signaling is active (39). However, it has been unclear how such 
combinatorial control occurs at the molecular level in this paradigm of enhancer 
regulation. Our results suggest that combinatorial control occurs at the level of binding 
and that it extends to repression. 

Our data provide direct in vivo evidence that low-affinity sites make binding dependent 
on another transcription factor. Despite being low-affinity in vitro, the suboptimal AT 
sites show strong in vivo occupancy by Cic in the presence of Dorsal and very low 
occupancy in tissues where Dorsal is not nuclear. Likewise, changing the AT sites to 
optimal CBSs did not uniformly increase repression in the embryo but caused a 
dramatic increase in areas without Dorsal. This suggests Cic and Dorsal cooperate at the 
level of binding. Based on the ChIP-nexus profile, we favor a model in which Dorsal 
physically stabilizes the binding of Cic. Alternatively, it is also possible that binding of 
Dorsal produces local changes in chromatin that facilitate the subsequent binding of Cic 
to the AT sites. Future studies will be aimed at further dissecting how Cic and Dorsal 
cooperate in binding at the molecular level. 
 
Another important insight is that suboptimal binding sites can be critical for regulating 
repression. This helps explain how transcription factors such as Dorsal can have dual 
functions in activation and repression. Dorsal is inherently a weak activator which 
associates with basic-helix-loop-helix (bHLH) factors for robust DNA binding and 
activation (25, 41-43). Similarly, our data suggest that Dorsal lacks intrinsic repressor 
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activity and that its main repressive function is to facilitate the binding of repressors 
such as Cic. Therefore, by acting as a DNA-binding cofactor for either activator or 
repressor proteins, Dorsal exerts opposite modes of transcriptional control to pattern the 
entire DV embryonic axis.  

These insights have implications for studying enhancer function in development and 
disease. If relevant binding sequences in enhancers can be of low-affinity, they can be 
hard to find despite exerting critical functions in vivo. For example, Cic has important 
roles in tumor formation (reviewed in refs. 1 and 10), yet target genes are often scored 
based on the presence of canonical CBSs (7, 9, 44). In light of our data, we suggest that 
suboptimal, “cryptic” sites linked to co-factor sites may also control a subset of 
mammalian Cic targets, thereby expanding the regulatory potential of this repressor.  
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Materials and Methods 

Drosophila genetics. The cic5, cic6 and dl28 alleles were generated as described (36) via 
CRISPR-Cas9-induced non-homologous end joining (NHEJ). Target sites of guide 
RNA (gRNA) sequences and information of other alleles, transgenes and genetic 
procedures used in this study are provided in SI Material and Methods. 

In situ hybridization and immunostaining. Embryos were collected, dechorionated 
and fixed in 4% formaldehyde-PBS-heptane using standard procedures. In situ 
hybridizations were performed using digoxigenin-UTP-labeled antisense RNA probes. 
Dorsal protein was detected using monoclonal antibody 7A4-c (Developmental Studies 
Hybridoma Bank). Additional information is provided in SI Materials and Methods. 

EMSAs. The HMG-C1 and HMG-C1mut constructs have been described in ref. 20 and 
correspond to Dm CIC HMG-C1-His and Dm CIC HMG-C1ΔRQKL-His, respectively. 
HMG mut-C1 was made similarly in pET-29b vector. EMSAs were carried out using 
standard protocols. Details of probes can be found in SI Material and Methods. 

ChIP-nexus. Embryos derived from heterozygous Toll10b or homozygous gd7 females 
were collected on apple juice plates at 25°C for 2-4 h after egg deposition (AED) as 
done previously (27). Immunoprecipitations were carried out using previously 
published antibodies against Dorsal (25) and Cic (45). ChIP-seq and ChIP-nexus 
experiments and data processing were performed as previously described (25). Further 
details are provided in SI Materials and Methods.  
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Figure Legends 

Fig. 1. Cic acts downstream of Cact to repress the zen VRE enhancer. (A) Toll- and 
Dorsal-dependent transcriptional control in the ventral region of the embryo. Toll 
activation leads to the nuclear translocation of Dorsal (Dl), which then activates zygotic 
genes such as twist (twi) and snail (sna), while repressing others such as zerknullt (zen) 
and tolloid (tld). These differential outcomes depend on the presence of additional 
transcription factor binding sites in target enhancers, which are recognized by basic-
helix-loop-helix (bHLH) activator factors and at least one unidentified repressor 
(question mark). (B-E) Early stage 5 embryos of the indicated maternal genotypes 
stained for Dorsal protein. Boxed areas are shown in higher magnification at right. Note 
the presence of Dorsal in dorsal nuclei of cact- and cact- cic5 mutant embryos. (F-I) 
Patterns of VRE-lacZ reporter expression in the indicated maternal genotypes. The 
reporter is derepressed in cic5 mutant embryos, even when Dorsal is constitutively 
nuclear (I). 

Fig. 2. Cic represses VRE activity by binding to low affinity DNA sites. (A) Diagram of 
the VRE indicating the positions of AT and Dorsal binding sites labeled according to 
refs. 14 and 15. In these and similar drawings, the transcription start site is indicated by 
an arrow. (B) Sequences of native (WT) AT sites and the corresponding optimal (OPT) 
CBSs. (C) Cic protein constructs used in EMSAs; the HMG-box and C1 domains are 
placed next to each other (20). HMG-C1mut contains the cic4 mutation (20). (D) EMSAs 
of Cic derivatives binding to wild-type or mutant probes. Numbers indicate the 
constructs used in the binding reactions; unlabeled lanes do not contain protein. Probes 
are indicated below the gels. CBS carries a control, high affinity Cic binding site. The 
sequence of the mutated AT1 and AT2 sites is also shown. Note the weak binding of 
HMG-C1 to the intact AT1 and AT2 probes. (E) Structure of the SxlAT/Dl(0-2)-lacZ 
reporter (not drawn to scale) (see also Fig. S3). (F-K) Expression of SxlAT/Dl(0-2)-lacZ and 
VREOPT-lacZ reporters in the indicated backgrounds. Repression of SxlAT/Dl(0-2)-lacZ 
depends on both Cic and Dorsal, whereas Cic represses VREOPT-lacZ independently of 
Dorsal.   

Fig. 3. Dorsal mediates binding of Cic to low-affinity AT sites. (A) ChIP-nexus profiles 
of Dorsal and Cic at the indicated genes in Toll10b or gd7 mutant backgrounds; a zoom-
in view of the zen VRE enhancer is included. Peaks on the upper (positive) and lower 
(negative) strands represent pile-ups of 5’ read ends after digestion with exonuclease, 
which stops at sites of protein-DNA crosslinking. Cic binding to zen, tld and dpp (but 
not to hkb and tll) is strongly reduced in gd7 embryos lacking nuclear Dorsal protein. 
(B) Heatmaps of Dorsal and Cic binding at known enhancers. ChIP-nexus signal was 
calculated within a 200-bp region centered on the highest Dorsal summit. (C) Average 
ChIP-nexus signals for Dorsal-independent (n=56) and Dorsal-dependent (n=59) Cic 
binding motifs across the genome; RPM, reads per million. (D) Type of Cic motif found 
in the Dorsal-independent and Dorsal-dependent sets: CBS motifs are an exact match to 
TSAATGAA, while AT motifs contain one mismatch relative to this consensus site. (E) 
Fraction of Cic binding motifs flanked by Dorsal binding motifs (GGRWWTTCC with 
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up to one mismatch) within less than 50 bp. 

Fig. 4. The N2 motif of Cic mediates recruitment of Gro during zen repression.  (A) 
Diagram of Cic and Ciceh1 proteins. (B) Model of interactions between Cic and Ciceh1 
with intact and mutant Gro proteins. Cic can bind to both Gro and GroMB41, whereas the 
Ciceh1 chimera can only associate with intact Gro. GroMB41 carries the amino acid 
substitution R483H (asterisk) in the WD region (33). (C-F) zen expression in the 
indicated backgrounds. cic mutant genotypes are cic1/cicQ474X (C and D) and cic1 (F). 
Embryos in D and F express maternally contributed Ciceh1 product. 

Fig. 5. Cic is the key component of zen repression targeted by Torso signaling. (A) 
Diagram illustrating the spatial relationship between Cic, Dorsal and the Torso pathway 
in wild-type embryos, embryos derived from mothers with uniform Tsl expression in 
the follicle cells (Tub-Gal4>UAS-tsl), and embryos from Tub-Gal4>UAS-tsl mothers 
that express MAPK-insensitive forms of Cic. (B-D) Effects of uniform Torso activation 
on VRE-lacZ expression. B shows a control embryo expressing intact Cic. C and D 
show embryos expressing MAPK-insensitive forms of Cic produced by either a cicΔC2 
transgene (4) or the cic3 allele (36), respectively. Note that both cic mutations lead to 
VRE-lacZ repression at the poles, since Cic is no longer downregulated at those 
positions (arrowheads; compare with Fig. 1F). 

Fig. 6. Different modes of Cic regulation in RTK- and Toll-dependent transcriptional 
control. As a default repressor of RTK target genes (upper panel), Cic binds to optimal 
CBSs in those genes and represses them in the absence of signaling. Following RTK 
activation, Cic is downregulated via MAPK-mediated phosphorylation, which leads to 
derepression of its targets. In contrast, in the context of Toll signaling (lower panel), Cic 
functions via suboptimal AT sites that are not recognized by Cic when the signal is off. 
Upon Toll activation, Dorsal translocates into the nucleus and facilitates Cic binding to 
the AT sites.  

 

 

 
 


