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Summary
Receptor tyrosine kinase (RTK) signaling pathways control multiple cellular decisions in metazoans, often by regulating the expression
of downstream genes. In Drosophila melanogaster and other systems, E-twenty-six (ETS) transcription factors are considered to be the
predominant nuclear effectors of RTK pathways. Here, we highlight recent progress in identifying the HMG-box protein Capicua (CIC)

as a key sensor of RTK signaling in both Drosophila and mammals. Several studies have shown that CIC functions as a repressor of
RTK-responsive genes, keeping them silent in the absence of signaling. Following the activation of RTK signaling, CIC repression is
relieved, and this allows the expression of the targeted gene in response to local or ubiquitous activators. This regulatory switch is

essential for several RTK responses in Drosophila, from the determination of cell fate to cell proliferation. Furthermore, increasing
evidence supports the notion that this mechanism is conserved in mammals, where CIC has been implicated in cancer and
neurodegeneration. In addition to summarizing our current knowledge on CIC, we also discuss the implications of these findings for our

understanding of RTK signaling specificity in different biological processes.
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Introduction
Receptor tyrosine kinase (RTK) signaling pathways regulate

many biological processes in all metazoans. Their activities elicit

diverse cellular responses, such as proliferation, differentiation,

metabolism and migration, and abnormal RTK signaling can lead

to multiple diseases, most notably cancer. RTK signaling is

initiated following the binding of extracellular ligands to cell-

surface RTKs, which then typically oligomerize, and either auto-

or trans-phosphorylate tyrosine residues in their intracellular

domains. This, in turn, stimulates an array of intracellular

signaling cascades that primarily act through the small GTPase

Ras, and a core of three serine/threonine kinases [Raf, mitogen-

activated protein kinase kinase (MEK) and mitogen-activated

protein kinase (MAPK, also known as ERK)], but also through

the phosphatidyl-inositol-3-kinase (PI3K) and phospholipase Cc
(PLCc) pathways (Lemmon and Schlessinger, 2010).

Because RTK signaling pathways often lead to changes in gene

expression, the nuclear factors that are directly phosphorylated by

components of these pathways, for example by MAPK, have a key

role in the interpretation of RTK responses. In Drosophila

melanogaster, where many RTK responses have been studied in

detail, the best-characterized RTK–Ras–MAPK effectors belong

to the ETS transcription factor superfamily. Thus, two ETS factors,

the activator Pointed-P2 and the repressor Yan, mediate multiple

RTK-regulated decisions and are direct substrates of MAPK

(O’Neill et al., 1994; Brunner et al., 1994; Rebay and Rubin, 1995;

Gabay et al., 1996; Tootle and Rebay, 2005). Similarly, ETS

proteins in other species, such as Caenorhabditis elegans LIN-1

and mammalian ELK1, are important targets of Ras–MAPK

regulation (Hart et al., 2000; Yordi and Muise-Helmericks, 2000),

underscoring the ancient, widespread functions of ETS proteins in

Ras–MAPK signaling.

Nevertheless, additional transcriptional regulators that also

function as important mediators of RTK activation have come to

light. In particular, genetic and molecular studies have revealed

essential roles for the Drosophila Capicua (CIC) HMG-box

repressor downstream of Torso and the epidermal growth factor

receptor (EGFR) – two RTKs that propagate their signals through

the Ras–Raf–MAPK cascade (Jiménez et al., 2000; Goff et al.,

2001; Roch et al., 2002; Atkey et al., 2006; Astigarraga et al.,

2007; Tseng et al., 2007; Löhr et al., 2009; Ajuria et al., 2011). In

addition, CIC is well conserved in mammals, and recent evidence

suggests that human CIC mediates RTK-dependent responses that

are linked to cell proliferation and cancer (Lee et al., 2002;

Kawamura-Saito et al., 2006; Lam et al., 2006; Bettegowda et al.,

2011; Dissanayake et al., 2011).

Here, we provide an overview of CIC regulatory functions in

both Drosophila and mammals, including evidence that implicates

this factor in human cancer and neurodegeneration. Given that CIC

operates downstream of distinct RTK pathways, we also discuss

how CIC activities illustrate different mechanisms that can

generate specificity in RTK signaling processes.

Structural and functional conservation of CIC proteins

Drosophila CIC was identified because of its role downstream of

the Torso pathway, which controls the specification of terminal

(head and tail) regions of the embryo; the name Capicua stems

from its Catalan meaning ‘head-and-tail’ (Jiménez et al., 2000).
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CIC is conserved from cnidarians to vertebrates, with single

orthologs being present in C. elegans (see WormBase), mice and

humans [(Lee et al., 2002; Lam et al., 2006) and (G.J.,

unpublished)] (Fig. 1). CIC proteins share two highly

conserved domains – the HMG-box that is involved in DNA

binding and nuclear localization, and a C-terminal motif C1 of

unknown molecular function (Jiménez et al., 2000; Lee et al.,

2002; Kawamura-Saito et al., 2006; Astigarraga et al., 2007)

(Fig. 1). In addition, both Drosophila and mammals express

at least two main CIC isoforms (CIC-S and CIC-L), which differ

in size and in their N-terminal regions. At present, the best-

characterized activities of CIC correspond to the CIC-S isoform.

The CIC-L isoform contains an extended N-terminal segment

with a highly conserved domain (N1) of unknown function, and

its cellular roles remain less well understood (Lam et al., 2006)

(Fig. 1).

The HMG-box recognizes octameric T(G/C)AATG(A/G)A

sites in target promoters and enhancers and, in all cases studied,

binding of CIC to these elements leads to transcriptional

repression (Kawamura-Saito et al., 2006; Lam et al., 2006;

Löhr et al., 2009; Kazemian et al., 2010; Ajuria et al., 2011; Lee

et al., 2011). In Drosophila, repression by CIC appears to be

tightly coupled to RTK-dependent control of transcription – CIC

represses genes that are induced by RTK signaling, and such

induction occurs, at least in part, through relief of CIC repression

(Jiménez et al., 2000; Goff et al., 2001; Roch et al., 2002; Atkey

et al., 2006; Astigarraga et al., 2007; Tseng et al., 2007; Ajuria

et al., 2011). This mode of control, whereby signal-regulated

targets are maintained in a repressed state in the absence of

signaling, has been termed ‘default repression’ (Barolo and

Posakony, 2002; Affolter et al., 2008). In addition, increasing

evidence suggests that vertebrate CIC proteins function similarly,

although direct in vivo support for this idea is still limited.

Mechanisms of CIC-mediated repression

The mechanism by which DNA-bound CIC represses targeted

gene expression is not well understood. Genetic analyses indicate

that the C1 motif is essential for repression in different contexts

(Goff et al., 2001; Kawamura-Saito et al., 2006; Astigarraga et al.,

2007), but the underlying molecular mechanism remains

unknown. Instead, we discuss below the roles of two co-

repressors that have been implicated in CIC repression.

During Drosophila embryogenesis, the repression of CIC

targets, such as huckebein (hkb) and tailless (tll), requires the

presence of the Groucho (GRO) co-repressor (Paroush et al., 1997;

Jiménez et al., 2000; Jennings and Ish-Horowicz, 2008; Cinnamon

and Paroush, 2008). Furthermore, binding of CIC to the hkb

enhancer correlates with the association of GRO to this enhancer

(Ajuria et al., 2011). Although this supports a model whereby GRO

serves as a co-repressor together with CIC (Jiménez et al., 2000),

the precise molecular links between these two factors remain

elusive (Jennings et al., 2006; Cinnamon et al., 2008; Ajuria et al.,

2011; Helman et al., 2011). In particular, there is no evidence for

direct physical interactions between both proteins in vivo (Ajuria

et al., 2011).

By contrast, several studies indicate that repression by

mammalian CIC involves the formation of protein complexes

with ataxin 1 (ATXN1) and its related factor brother of ATXN1

(BOAT1; also known as ATXN1L) (Lam et al., 2006; Bowman

et al., 2007; Lim et al., 2008; Crespo-Barreto et al., 2010; Lee

et al., 2011) (Boxes 1, 2; Fig. 1). This, together with evidence

that ATXN1 and BOAT1 associate with co-repressors, such as

nuclear receptor co-repressor 2 (NCOR2, also known as SMRT)

and histone deacetylases 3 and 4 (HDAC3 and HDAC4,

respectively) (Tsai et al., 2004; Mizutani et al., 2005; Bolger

et al., 2007; Tong et al., 2011), strongly suggests that both

ATXN1 and BOAT1 function as CIC co-repressors. Interestingly,

ATXN1 interacts with the CIC motif ATXN1-BD, which has

been moderately conserved throughout evolution (Lam et al.,

2006) (Fig. 1). Nevertheless, there is currently no evidence to

suggest that ATXN1 mediates CIC repressor activity in flies.

Mechanisms of CIC downregulation

Drosophila CIC becomes phosphorylated and downregulated

during several developmental processes in response to RTK

activation (Jiménez et al., 2000; Goff et al., 2001; Roch et al.,

2002; Astigarraga et al., 2007; Tseng et al., 2007; Ajuria et al.,

2011). For example, Torso RTK signaling in the early embryo leads

to the degradation of CIC, whereas EGFR signaling in the ovarian

follicle induces partial relocalization of CIC to the cytoplasm

C1 C2 
HMG 1 

HMG 1 

HMG 1 1608 

CIC-S 

CIC-S 

MAPK 
binding 

Repressor 
activity 

HMG 

1403 

CIC-L 2141 

ATXN1 
binding 

Drosophila 

Human 
14-3-3 
binding 

2510* 1 CIC-L 

N1 

NLS

ATXN1-BD 

Fig. 1. Structural features of Drosophila and human CIC proteins. Two main isoforms, short (CIC-S) and long (CIC-L), are present in each species (Lam et al.,

2006). In Drosophila, CIC-S fulfils most known CIC functions, whereas CIC-L appears to have specific roles in oogenesis (Rittenhouse and Berg, 1995; Jiménez

et al., 2000; Goff et al., 2001; Roch et al., 2002; Dorman et al., 2004; Astigarraga et al., 2007). No differential functions have been assigned to short versus long

isoforms in mammals. Functional domains that have been identified in each species are indicated, and their sequence conservation is depicted with colored

boxes. Note that the nuclear localization signal (NLS) that has been identified in human CIC (Dissanayake et al., 2011) is not conserved. All CIC domains (except

the HMG-box) appear to be unique to CIC proteins [(Jiménez et al., 2000; Lam et al., 2006; Astigarraga et al., 2007) and (G.J., unpublished)]. Numbers indicate

amino acid positions – the size of human CIC-L is estimated from mouse CIC-L (*).
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(Fig. 2A). Both of these responses involve direct binding of active

MAPK to CIC through its C2 motif, leading to the phosphorylation

of CIC (Astigarraga et al., 2007) (Fig. 1 and Fig. 2A). However, the

way in which this phosphorylation controls CIC stability or sub-

cellular distribution is not known. In both the embryo and the ovary,

deletion of the C2 motif produces dominant, constitutively active

CicDC2 repressors that are largely insensitive to RTK-mediated

inactivation and result in gain-of-function phenotypes (Astigarraga

et al., 2007). This is similar to the effects of dominant mutations in

Yan and LIN1, which render these ETS repressors unresponsive to

negative regulation by MAPK (Rebay and Rubin, 1995; Karim

et al., 1996; Jacobs et al., 1998).

The C2 motif is highly conserved in C. elegans and moderately

conserved in vertebrates (Astigarraga et al., 2007), although no

reports are yet available on C2-mediated downregulation outside

of Drosophila. Nevertheless, increasing evidence indicates that

CIC can be downregulated by EGFR signaling in mammals –

proteomic analysis identified CIC as an immediate-early gene

product substrate that becomes phosphorylated within 10 minutes

of EGFR stimulation in HeLa cells (Olsen et al., 2006), whereas

studies in mice have found a correlation between increased

concentrations of EGF and reduced levels of CIC in brainstem

tissues (Fryer et al., 2011).

In addition, MacKintosh and co-workers have identified two

potential molecular mechanisms of CIC downregulation in

cultured human cells (Dissanayake et al., 2011) (Fig. 2B). The

authors found that EGFR activation leads to the phosphorylation of

CIC at multiple sites by both MAPK and ribosomal protein S6

kinase II (hereafter referred to as p90RSK), which itself

becomes activated downstream of MAPK. MAPK-dependent

phosphorylation prevents binding of CIC to importin-a4 (also

known as KPNA3), an adaptor that is required for nuclear import,

but because the loss of importin-a4 binding does not result in

the cytoplasmic accumulation of CIC in stimulated cells, the

biological implication of this mechanism remains unclear.

However, according to the same study, p90RSK phosphorylation

Box 1. Role of CIC in spinocerebellar ataxia type 1
neurodegeneration

Experimental work by Zoghbi and colleagues has shown that

mammalian CIC forms nuclear complexes with ATXN1, a

polyglutamine-repeat protein that is implicated in spinocerebellar

ataxia type 1 (SCA1) neurodegeneration (Lam et al., 2006; Zoghbi

and Orr, 2009). During SCA1 pathogenesis, expansion of the

polyglutamine region in ATXN1 renders it neurotoxic in cerebellar

Purkinje cells and other neuronal populations. How mutant ATXN1

causes SCA1 is not well understood, but increasing evidence

points to dysregulated interactions with different endogenous

proteins as a key mechanism of the disease (Lim et al., 2008; de

Chiara et al., 2009; Zoghbi and Orr, 2009). In particular, it has been

reported that, compared with normal ATXN1, glutamine-expanded

ATXN1 binds less efficiently to CIC, suggesting that partial loss of

the CIC–ATXN1 co-repressive activity contributes to SCA1

neurodegeneration (Lim et al., 2008) (left and right panels).

Indeed, CIC repressor activity appears to be stronger in the

presence of normal ATXN1 than glutamine-expanded ATXN1, both

in cultured cells and in mouse cerebella (Lam et al., 2006; Crespo-

Barreto et al., 2010). Thus, mice that express glutamine-expanded

ATXN1 show a substantial upregulation of CIC targets such as

ETV5 (right panel, A), which is attributable to partial destabilization

and/or weaker repressor activity of CIC in the disease state (Lim

et al., 2008; Crespo-Barreto et al., 2010; Fryer et al., 2011).

Notably, glutamine-expanded ATAXN1 can also cause a

stronger binding of CIC to the promoters of certain genes (right

panel, B), leading to the hyper-repression of those targets (Fryer

et al., 2011). Consistent with this gain-of-function effect, the genetic

reduction of CIC levels substantially rescues the phenotypes of

mice that express glutamine-expanded ATAXN1. A similar rescue

is observed after physical exercise, which induces enhanced

EGFR signaling in the brainstem and concomitant downregulation

of CIC in this tissue (Fryer et al., 2011).

YYYYY Y Y YTorso EGFR

Trunk Gurken
Early embryo Follicular epithelium

C2
HMG Drosophila CIC

PP

A

HMG
PP

B MAPK

p90RSK14-3-3

NLS
Human CIC

DNA binding Nuclear import

KPNA3

MAPK

?

Pole DorsalCenter Lateral

Fig. 2. Mechanisms of CIC downregulation by RTK–Ras–MAPK

signaling. (A) Drosophila CIC is directly phosphorylated by MAPK (shown

in red), which binds to the C2 docking motif. In the early embryo, MAPK

activation occurs in response to the graded distribution of Trunk, and induces

degradation of CIC (green) in a concentration-dependent manner. By contrast,

EGFR signaling in the ovarian follicle, which depends on the TGF-a-like

ligand Gurken, causes partial redistribution of nuclear CIC to the cytoplasm.

In this case, the area in which CIC is downregulated has a relatively sharp

border (Astigarraga et al., 2007). In other contexts, such as the wing imaginal

disc, EGFR signaling appears to cause degradation of CIC (Roch et al., 2002;

Tseng et al., 2007; Ajuria et al., 2011). (B) In human cells, EGFR-induced

phosphorylation of CIC (shown in red) depends on both MAPK and p90RSK.

Two potential mechanisms for downregulation have been described, which

either attenuate CIC DNA binding activity or prevent its binding to the

nuclear import adaptor importin-a4 (Dissanayake et al., 2011).
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of CIC occurs at Ser173 near the HMG-box, and promotes binding
of CIC to 14-3-3 regulatory proteins (Dissanayake et al., 2011;

Morrison, 2009) (Fig. 2B). Interestingly, this interaction causes
reduced binding of CIC to the TGAATGAA sequence in vitro, and
correlates with transcriptional upregulation of CIC targets, such as

ETV5 (see below). Because the sequence flanking Ser173 in
human CIC is well conserved in insects (but not in nematodes),
these results raise the possibility that interactions between CIC and
14-3-3 also occur in some invertebrates (Dissanayake et al., 2011).

In summary, CIC levels or activity are directly downregulated
by RAS–MAPK signals in different biological systems, possibly

through a variety of mechanisms. Nevertheless, in all cases, CIC
downregulation leads to a similar outcome, namely the relief of
CIC repression that facilitates expression of downstream targets.

Specific CIC functions downstream of Torso

CIC function is best understood downstream of Torso signaling

in the Drosophila embryo (Fig. 3). The relative simplicity of this
system, its amenability to genetic manipulation and the fact that
Torso signaling induces gene expression mainly by relieving

CIC-mediated repression, are features that have facilitated the
characterization of RTK signaling in general, and of CIC in
particular. Therefore, we discuss this model to illustrate the basic

mechanism of CIC function as a MAPK sensor.

The Torso receptor is present throughout the plasma membrane
of the early syncytial embryo, but it is only activated at the anterior

and posterior embryonic poles in response to restricted processing
of its ligand Trunk. This leads to localized stimulation of the Ras–
MAPK pathway, creating a gradient of MAPK activity at each

embryonic pole (Gabay et al., 1997; Greenwood and Struhl, 1997;
Furriols and Casanova, 2003; Li, 2005; Coppey et al., 2008)
(Fig. 3C,D). In the posterior pole, MAPK activity induces
expression of hkb and tll. This occurs through the alleviation of

CIC repression; CIC represses hkb and tll in central regions of the
embryo, whereas MAPK activity that is present at the pole
downregulates CIC levels and derepresses transcription of hkb and

tll (Jiménez et al., 2000; Astigarraga et al., 2007; Ajuria et al.,
2011). Because graded MAPK activity creates an opposing,
complementary gradient of CIC protein levels that decreases

towards the pole (Fig. 3E,F) and CIC represses hkb more
effectively than tll, the result is an hkb expression pattern that is
narrower compared with that of tll (Jiménez et al., 2000; Cinnamon
et al., 2004; de las Heras and Casanova, 2006; Astigarraga et al.,

2007; Kim et al., 2010) (Fig. 3A,F). These nested patterns of hkb

and tll expression are essential to regulate the morphological
differentiation of posterior embryonic structures, such as the

hindgut and the posterior spiracles (Greenwood and Struhl, 1997;
Furriols and Casanova, 2003) (Fig. 3B).

Repression of hkb and tll by CIC is essential, because the loss

of cic function causes derepression of both targets towards the
center of the embryo, which, in turn, results in suppression of
thoracic and abdominal primordia (Jiménez et al., 2000). How

CIC causes differential repression of hkb and tll is not well
understood, although two mechanisms are likely to be involved.
First, there are differences in the number and position of CIC

binding sites in the hkb and tll enhancers, which, at least in some
cases, function additively [(Ajuria et al., 2011) and (L. Ajuria and
G.J., unpublished)]. Second, hkb and tll appear to be controlled

by different activation inputs – for example, only hkb, but not tll,
requires the transcription factor Lilliputian (LILLI) for its
expression (Tang et al., 2001) (Fig. 4). Presumably, different

combinations of those cis- and trans-acting inputs generate

different thresholds at which hkb and tll are repressed by CIC.

CIC functions in a similar manner at the anterior pole, where it

also regulates the spatially restricted activation of hkb and tll

(Jiménez et al., 2000; Astigarraga et al., 2007). In addition, CIC

regulates anterior development by establishing repressor

boundaries for head patterning genes that are activated by the

Bicoid (BCD) transcription factor (Löhr et al., 2009). BCD forms

a protein gradient that is thought to determine differential gene

expression patterns in a concentration-dependent manner –

however, such patterns also depend on CIC repressor activity

regulated by the Torso pathway (Löhr et al., 2009).

Fig. 3. Interpretation of Torso RTK signaling in the syncytial Drosophila

embryo. (A) Torso signaling downregulates CIC, thereby relieving repression

of hkb and tll expression (dark- and light-blue domains, respectively).

(B) Normal morphological differentiation of the embryonic tail – the most

distal structures such as the anal pad (ap) require both hkb and tll expression,

whereas sub-terminal elements, such as the eighth abdominal belt (a8) and

posterior spiracles (ps), only require tll activity. (C) Posterior embryonic pole

showing the graded nuclear accumulation of active, phosphorylated MAPK

(MAPK-P). (D) Quantification of MAPK-P along the length of the embryo

(0% and 100% represent the anterior and posterior ends, respectively); au,

arbitrary units. (E) Complementary distribution of CIC and TLL proteins;

note their overlap in 2–3 nuclei (arrowheads). (F) Quantification of CIC

levels as in D. The patterns of MAPK-P and CIC are asymmetric in anterior

versus posterior positions as a result of competitive interactions with BCD

and MAPK phosphatases (Kim et al., 2010; Kim et al., 2011b). Panels D and

F have been modified from Current Biology, 20/5, Yoosik Kim, Matthieu

Coppey, Rona Grossman, Leiore Ajuria, Gerardo Jimenez, Ze’ev Paroush,

Stanislav Y. Shvartsman, MAPK Substrate Competition Integrates Patterning

Signals in the Drosophila Embryo, 446-451 (2010) with permission from

Elsevier (Kim et al., 2010).
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Interestingly, in both anterior and posterior regions, Torso

signaling also leads to phosphorylation of GRO, thereby

downregulating GRO activity, and facilitating expression of

hkb and tll (Cinnamon et al., 2008; Helman et al., 2011). This

might ensure robust derepression of Torso targets, but the events

that coordinate downregulation of CIC and GRO in this context

are not yet well understood (Astigarraga et al., 2007; Cinnamon

et al., 2008; Helman et al., 2011).

Specific CIC functions downstream of EGFR signaling

EGFR signaling controls a wide range of patterning and cell fate

specification events in Drosophila (Shilo, 2003), several of which

depend on CIC. For example, localized EGFR activation in the

embryonic neuroectoderm regulates neuroblast differentiation by

inducing expression of the intermediate neuroblasts defective

(ind) gene, and this occurs, at least in part, through relief of CIC

repression (Weiss et al., 1998; von Ohlen et al., 2000; Ajuria

et al., 2011) (Fig. 4). Similarly, the specification of prospective

vein cells in the developing wing depends on EGFR signaling

and downregulation of CIC activity (Roch et al., 2002; Blair,

2007; Ajuria et al., 2011). In this system, the EGFR–CIC

derepression circuit has a central role, because loss of CIC

function bypasses the requirement for EGFR signaling in vein

cell determination (Roch et al., 2002). One target that is regulated
by the EGFR–CIC pathway in this context is argos, which

encodes a secreted feedback inhibitor of EGFR signaling that is
required for correct vein patterning (Freeman et al., 1992;
Golembo et al., 1996; Roch et al., 2002; Shilo, 2005; Ajuria et al.,

2011) (see below).

Other interactions between EGFR signaling and CIC in
Drosophila regulate the specification of dorsoventral (DV)

follicle cell fates during oogenesis (Goff et al., 2001). EGFR
activation in dorsal follicle cells induces expression of the mirror
(mirr) gene, which encodes a transcription factor that is required

for the formation of dorsal appendages in the future eggshell,
whereas CIC represses mirr in ventral cells (Goff et al., 2001;
Atkey et al., 2006). Importantly, although CIC is downregulated
by EGFR signaling in dorsal follicle cells (Fig. 2A), this

downregulation does not appear to be essential for EGFR-
dependent activation of mirr (see below) (Atkey et al., 2006;
Astigarraga et al., 2007).

In addition, CIC is required for the expression of pipe in
ventral follicle cells (Goff et al., 2001). The pipe gene, which is
repressed following the activation of the EGFR signaling

pathway in dorsal follicle cells, encodes a sulfotransferase that
initiates the subdivision of the embryonic DV axis (Moussian and
Roth, 2005). Recent studies have shown that Mirr represses pipe

in dorsal follicle cells, and CIC-mediated repression of mirr

supports pipe transcription in ventral cells (Technau et al., 2011;
Fuchs et al., 2012; Andreu et al., 2012). Thus, CIC functions in a

repressor circuit that is essential to translate EGFR signaling into
asymmetric pipe expression during DV axis formation (Andreu
et al., 2012).

Despite the fact that CIC performs similar roles downstream of
Torso and the EGFR, the transcriptional switches that operate
downstream of both receptors might not be identical. Whereas

Torso-mediated induction of hkb and tll expression depends
solely on CIC (and GRO) derepression, at least some EGFR
signals appear to rely on both CIC-dependent and -independent
mechanisms to regulate gene expression. Thus, although the

activation of argos and mirr in response to EGFR signaling might
be facilitated by the downregulation of CIC, there is evidence
that EGFR signaling provides additional inputs that activate both

genes (Roch et al., 2002; Atkey et al., 2006; Astigarraga et al.,
2007; Ajuria et al., 2011). Furthermore, these EGFR inputs
appear to function cooperatively with EGFR-independent

transcriptional activators that ensure the robust expression of
target genes (Barolo and Posakony, 2002; Atkey et al., 2006;
Ajuria et al., 2011). In such cases, the main role of CIC might be

to repress argos and mirr outside of their normal domains of
expression, where EGFR signaling is either low or absent but the
presence of cooperative factors could potentially drive weak
ectopic argos and mirr expression (Roch et al., 2002; Atkey et al.,

2006; Ajuria et al., 2011) (see also Fig. 4).

Role of CIC in cell proliferation and tumorigenesis

In addition to its important roles in tissue patterning, CIC also
acts downstream of the EGFR to regulate cell proliferation. In

Drosophila, the EGFR–Ras–MAPK pathway promotes the
proliferation of larval imaginal disc cells that give rise to adult
structures, such as the wing and the eye. Accordingly, the loss of

this pathway markedly reduces the growth rates of these
structures (Diaz-Benjumea and Hafen, 1994; Karim and Rubin,
1998; Prober and Edgar, 2000). Similar to other EGFR-mediated

CIC ind

CIC

EGFR

MAPK

Ras

hkbCIC

CIC

Torso

MAPK

Ras

BCD LILLI X DL

CIC repressor
activity

CIC repressor
activity

EGFR

To
rs

o Torso

Fig. 4. Model for the regulation of Torso- and EGFR-dependent

responses in the Drosophila blastoderm embryo. Both RTK pathways are

activated almost simultaneously but in different spatial domains, marked with

grey (Torso) and blue (EGFR). In each case, Ras-MAPK signaling induces the

expression of specific genes, such as hkb (Torso) or ind (EGFR). Both

responses depend on CIC activity – CIC represses hkb and ind expression

outside of their normal domains, whereas the RTK signals counteract CIC

repression and allow activation by different factors. One direct activator of

ind is Dorsal (DL) (von Ohlen and Doe, 2000; Stathopoulos and Levine,

2005), whereas hkb expression possibly requires the binding of BCD and

LILLI activators to its enhancer (Reuter and Leptin, 1994; Tang et al., 2001).

The combination of CIC derepression and distinct activation inputs regulates

specific hkb and ind expression downstream of each pathway. Note, however,

that EGFR signaling might also have a direct positive input on ind expression

(dashed arrow affecting a hypothetical factor X), as seen for mirr and argos

regulation. Patterns of lacZ expression directed by hkb and ind enhancers are

shown below (Ajuria et al., 2011; Stathopoulos and Levine, 2005). Parts of

this figure have been modified with permission from Ajuria et al. (Ajuria

et al., 2011).
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responses, this involves the downregulation of CIC in the nucleus

(Tseng et al., 2007). Importantly, mutations that disrupt CIC

function increase the rate of cell proliferation without affecting

cell size and bypass the requirement for EGFR signaling in

promoting growth (Tseng et al., 2007). By contrast, cells that lack

a different negative regulator of growth, TSC1 (also known as

Hamartin), still depend on EGFR signaling to proliferate (Tseng

et al., 2007; Hariharan and Bilder, 2006). This strongly suggests

that one mechanism by which EGFR–Ras–MAPK signals induce

cell proliferation in imaginal tissues is by downregulating CIC.

CIC downregulation is likely to cause the derepression of

downstream proliferation genes, and recent data indicate that

bantam microRNA is one such CIC target in this context

(Herranz etal., 2012).

Furthermore, another study in Drosophila suggests that a

similar mechanism regulates proliferation of intestinal stem cells

(ISCs) in response to EGFR signaling (Jiang et al., 2011). In this

case, the inactivation of CIC causes proliferation of ectopic ISCs,

which resembles the effects on ISC proliferation induced by the

overexpression of EGFR ligands or constitutively active variants

of the Ras–MAPK cascade. These data, again, support a role for a

linear Ras–MAPK–CIC pathway in the induction of proliferation

genes.

Importantly, the role of CIC in restricting cell growth appears

to be conserved in humans, as mutations in CIC have been

associated with different malignancies. For example, two cases of

Ewing-like sarcoma have been found to result from similar

chromosomal translocations that produce chimeric CIC proteins

fused to the C-terminal region of double homeobox protein 4

(DUX4) (Kawamura-Saito et al., 2006). The CIC–DUX4 fusion

mediates transcriptional activation instead of repression, which

leads to the upregulation of genes that are normally repressed by

CIC. Among these are genes that encode members of the PEA3

subfamily of ETS transcription factors, such as ETV1, ETV4 (also

known as PEA3) and ETV5 (Kawamura-Saito et al., 2006). This

is consistent with the fact that typical Ewing tumors express

aberrant PEA3 protein chimeras with enhanced transcriptional

activity (Arvand and Denny, 2001). As mentioned above, EGFR

activation in cultured cells can induce expression of PEA3 family

genes by relieving CIC repression, which supports the notion that

CIC functions in a regulatory pathway that links RTK signals to

the expression of PEA3 transcription factors (Dissanayake et al.,

2011) (Box 2).

In addition, mutations in CIC have been reported in other types

of tumor, such as breast cancer (Sjöblom et al., 2006). In a recent

study, CIC has been identified as a main tumor suppressor in

oligodendroglioma (OD) brain cancer (Bettegowda et al., 2011).

Remarkably, inactivating mutations in CIC were detected in

approximately half of OD tumors, many of which mapped to the

DNA-binding HMG-box, presumably impeding the binding of

DNA. By contrast, the sequencing of CIC-coding sequences in

298 non-OD tumor samples revealed only three missense

mutations (Bettegowda et al., 2011). Although other CIC

mutations might have escaped these analyses, this average

frequency seems lower than the prevalence of oncogenic

mutations in RTK signaling components such as EGFR, Ras or

Raf, which is consistent with the notion that oncogenic RTK

signals affect multiple regulators of growth (Sears et al., 1999;

Murphy et al., 2002; Yoon and Seger, 2006; Dhillon et al., 2007;

Meloche and Pouysségur, 2007).

Insights into RTK signaling specificity

The repressor functions of CIC downstream of different RTK

pathways not only provide an insight into how external signals

can influence gene expression, but they are also relevant to our

understanding of RTK-signaling specificity. Because RTK

signals are often propagated through similar intracellular

cascades, understanding the mechanisms by which these related

signals elicit specific responses in each context is a long-standing

question in the field (Pawson and Saxton, 1999; Tan and Kim,

Box 2. Relationship between CIC and PEA3
pathways in mammalian development and
tumorigenesis

The finding that CIC–DUX4 chimeras upregulate genes of the ETS

PEA3 subfamily in Ewing-like sarcomas indicates that CIC can

repress their transcription under normal conditions (see main text)

(Kawamura-Saito et al., 2006; Dissanayake et al., 2011). More

recently, molecular and genetic analyses have identified a crucial

role for CIC–ATXN1 and CIC–BOAT1 complexes in mediating

direct transcriptional repression of PEA3 genes during lung

development (Lee et al., 2011). Mutant mice that lack CIC or

ATXN1 and BOAT1 activities display several phenotypes, including

abnormal alveolarization in developing lungs and derepression of

PEA3 subfamily genes, particularly of ETV4. A molecular pathway

has been defined, whereby increased ETV4 activity in these mutant

mice upregulates expression of the matrix metalloproteinase 9

(Mmp9 ) gene, whose protein product is involved in extracellular

matrix (ECM) remodeling and lung alveolarization – which explains,

at least in part, the mutant phenotype (Lee et al., 2011). Interestingly,

the oncogenic activities of PEA3 transcription factors in several

types of tumor, such as Ewing sarcoma, melanoma or prostate

cancer, lead to the upregulation of MMP family genes and other

targets involved in ECM remodeling – which contributes to enhanced

cell migration and metastatic behavior (de Launoit et al., 2006; Yan

and Boyd, 2007; Kessenbrock et al., 2010; Hollenhorst et al., 2011).

Thus, related CIC–PEA3 transcriptional circuits appear to affect

ECM remodeling in both normal development and carcinogenesis.

Finally, because RTK signaling can induce expression of PEA3

family genes in different vertebrate systems (Roehl and Nüsslein-

Volhard, 2001; Raible and Brand, 2001; Lunn et al., 2007; Pratilas et

al., 2009), it is conceivable that such RTK-dependent regulation

occurs, at least in part, through a mechanism of CIC derepression.
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1999; Simon, 2000). Here, we focus on two main sources of

specificity during the regulation of transcriptional responses,

emphasizing the insights that have been gained from studies of

CIC function.

Intrinsic differences between signaling networks

Although RTKs generally stimulate a similar complement of

intracellular pathways, distinct features underlying the action of

those pathways can lead to differential cellular responses

(Kratchmarova et al., 2005; Leatherbarrow and Halfon, 2009;

Lemmon and Schlessinger, 2010; Zand et al., 2011). In particular,

quantitative changes in the strength or duration of RTK signaling

can give rise to diverse cellular outputs (Marshall, 1995;

Greenwood and Struhl, 1997; Lemmon and Schlessinger,

2010). In this context, the response of CIC to graded Torso

and MAPK activities provides an excellent paradigm of

transcriptional regulation by different signal intensities of RTK

(Greenwood and Struhl, 1997). As described above and in Fig. 3,

CIC is highly sensitive to graded MAPK activity, acting as a

rheostat-like switch that translates the MAPK input into a

complementary gradient of repression. Because this gradient

controls the patterns of tll and hkb expression, which are, in turn,

essential for the correct differentiation of embryonic structures

(see above), the Torso–MAPK–CIC system illustrates the key

steps that can lead from graded RTK activity to differential

biological output.

Furthermore, recent studies in the Torso system have

uncovered a new mechanism of specificity that is based on

competition between CIC and other MAPK substrates, such as

BCD (Kim et al., 2010; Kim et al., 2011a). Specifically, the

presence of BCD in anterior regions of the embryo counteracts

the activity of MAPK towards CIC, thereby potentiating CIC

repression and contributing to asymmetric transcription of genes

targeted by CIC in anterior versus posterior positions (Kim et al.,

2011a). Thus, the ability of CIC to function as a MAPK sensor

enables the highly precise regulation of its repressor activity,

which is crucial for inducing accurate downstream responses.

Signal integration by transcriptional enhancers

Although intrinsic differences in RTK signaling can influence the

specificity of responses, this mechanism does not generally

explain how RTK signals induce differential transcriptional

effects in development. Instead, RTK pathways often provide a

common signal, which is then interpreted by cis-regulatory

enhancers within a target gene that integrate additional non-RTK

inputs. This has been demonstrated in different Drosophila

developmental contexts, where the EGFR-mediated activation of

gene expression requires both a generic EGFR input acting on

Yan and Pointed-P2, as well as other independent inputs that

function in a restricted or cell-specific manner (Flores et al.,

2000; Halfon et al., 2000; Xu et al., 2000; Simon, 2000).

Furthermore, this type of control also operates downstream of

RTK pathways that regulate CIC. This seems logical, given that

RTK–CIC pathways function mainly as derepression modules, so

that transcriptional responses depend on activation inputs that can

be independent of RTK signaling. For example, the anterior

expression of head patterning genes, such as cap-n-collar (cnc),

requires both a Torso–CIC derepression input and the BCD

activator that is localized in anterior regions (Löhr et al., 2009).

Because the same Torso–CIC pathway functions in anterior and

posterior regions, the specific response of cnc in anterior regions
depends on its transcriptional activation by BCD. This concept is

also illustrated in Fig. 4, which compares the selective expression
of hkb and ind in response to localized Torso and EGFR
activation, respectively, in the early embryo. Again, the

specificity of each response appears to depend on different
RTK-independent activators of the hkb and ind enhancers,
although positive EGFR inputs that are independent of CIC
might also contribute to the specific response of ind (see above

and Fig. 4 legend).

Concluding remarks
Increasing evidence shows that CIC functions as a general
regulator of RTK–Ras–MAPK signaling responses. The studies

on CIC have not only greatly advanced our understanding of
several Drosophila processes under the control of RTK signals,
but have also revealed important CIC functions in mammals.

However, several interesting questions remain to be explored. Do
CIC proteins function exclusively as transcriptional repressors?
Are all of their functions associated with RTK signaling, or do

CIC proteins act in other regulatory pathways? Are there any
fundamental differences between the activities of the CIC-S
and the CIC-L isoforms? What are the mechanisms that
are responsible for CIC downregulation following its

phosphorylation by MAPK? How are the roles of CIC in cell
proliferation coordinated with other mechanisms of cell growth
control? Answers to these questions will provide fundamental

insights into the mechanisms by which the interaction between
RTK signaling pathways and CIC control cellular decisions, both
during normal development and in disease states.
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