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ABSTRACT

The transcriptional repressor Capicua (CIC) has emerged as an important rheostat of cell growth regulated
by RAS/MAPK signaling. Cic was originally discovered in Drosophila, where it was shown to be inactivated
by MAPK signaling downstream of the RTKs Torso and EGFR, which results in signal-dependent responses
that are required for normal cell fate specification, proliferation and survival of developing and adult
tissues. CIC is highly conserved in mammals, where it is also negatively regulated by MAPK signaling. Here,
we review the roles of CIC during mammalian development, tissue homeostasis, tumor formation and
therapy resistance. Available data indicate that CIC is involved in multiple biological processes, including
lung development, liver homeostasis, autoimmunity and neurobehavioral processes. Moreover, CIC has
been shown to be involved in tumor development as a tumor suppressor, both in human as well as in
mouse models. Finally, several lines of evidence implicate CIC as a determinant of sensitivity to EGFR and
MAPK pathway inhibitors, suggesting that CIC may play a broader role in human cancer than originally
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anticipated.

Introduction

Capicua (CIC) is a transcriptional repressor of the HMG-box
tamily which binds specific DNA sites in target genes. Cic
was first identified in Drosophila, where it was shown to
control embryonic pattern formation downstream of the
receptor tyrosine kinase (RTK)/RAS/ERK signaling pathway
[1]. Since then, Cic has been extensively studied in other
Drosophila processes regulated by RTK signaling such as cell
fate specification, proliferation and tissue homeostasis
(Figure 1) [2]. In addition, a recent study has identified an
RTK-independent activity of Cic downstream of Toll/Inter-
leukin-1 signaling [3].

CIC proteins are highly conserved in mammals and, in
recent years, this repressor has also emerged as a tumor sup-
pressor whose function is directly controlled by RTK/RAS/ERK
signaling, one of the most important pathways associated with
cellular growth and cancer (Figure 1) [2]. Mutations that pro-
mote excess RAS signaling are associated with a wide range of
human tumors, but how these signals drive cellular transforma-
tion and tumorigenesis remains unclear after decades of study.
To a large extent, this can be attributed to the fact that RAS/
ERK signaling leads to phosphorylation of over 100 substrates,
which can in turn interact with other signaling and regulatory
inputs. Therefore, defining these targets and their activities is
an important step towards understanding the biology and
pathobiology of RAS signaling.

Cic restricts cellular growth in Drosophila

Cic was discovered almost two decades ago as a regulator of
embryonic patterning in Drosophila [1]. Fly embryos devoid
of maternally contributed Cic activity lack most of their
trunk and abdominal regions while maintaining the pre-
sumptive head and telson; hence the name capicua, a term
derived from the words “head” (cap) and “tail” (cua) in Cat-
alan. Drosophila Cic acts as a default repressor of genes regu-
lated by RTK/Ras signaling. In the absence of signaling, Cic
binds to and represses those genes, whereas activation of the
pathway leads to phosphorylation and inactivation of Cic via
degradation or relocalization from the nucleus to the cyto-
plasm (Figure 2A) [1-8]. For example, Cic is fully degraded
in response to RTK activation at the anterior and posterior
poles of the embryo, creating local gradients of Cic nuclear
concentration that are complementary to the input gradients
of ERK activity [1,5,9]. In contrast, RTK activation in ovar-
ian follicle cells promotes nuclear export of Cic and its par-
tial redistribution to the cytoplasm [5]. As a result of these
inhibitory effects, Cic-mediated repression is prevented,
allowing activation of its target genes by tissue-specific or
ubiquitous transcription factors. This transcriptional switch
operates downstream of at least two different RTKs, Torso
and EGFR, resulting in signal-dependent responses that are
required for normal cell fate specification, proliferation
and survival of developing and adult tissues. In particular,
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Figure 1. Timeline of key discoveries pertaining to CIC research. Cic was discovered in 2000 in Drosophila, and two years later it was identified in mammals. Its implication
in cancer was originally reported in 2006 as a component of oncogenic fusions, but inactivating point mutations were not found until 2011. The last year has been partic-
ularly prolific in new findings about CIC function in mammalian development and cancer, including its roles in metastasis formation and therapy resistance. References

are indicated in each box.

EGFR-dependent signaling is essential for growth of larval
tissues that will form adult structures such as the wings and
eyes. Similarly, EGFR signaling promotes the proliferation of
intestinal stem cells that is needed for regeneration of the
adult midgut epithelium. In both cases, EGFR signaling acts,
at least in part, by downregulating Cic [6,8,10]. Indeed, loss
of Cic activity via mutation enables cell proliferation in both
contexts even in the absence of a functional EGFR signal,
whereas overexpression of wild-type or phosphorylation-
insensitive forms of Cic blocks EGFR/Ras-induced prolifera-
tion [6,8]. Cic appears to exert these effects by directly
repressing a battery of target genes encoding cell cycle regu-
lators and factors involved in DNA replication such as
String/Cdc25 and Cyclin E [8,10,11].

Additional studies in Drosophila also suggest a more com-
plex role of Cic at the intersection between Ras signaling and
other growth control pathways. For instance, two targets regu-
lated by Cic, Cyclin E and the microRNA gene bantam, are also
regulated by the Retinoblastoma fly ortholog and by the Hippo
pathway, respectively (Figure 2B) [8,10,20]. Indeed, Cic con-
verges with Hippo signaling on a larger set of cell proliferation
genes to downregulate their expression, allowing instead for the
establishment of cellular differentiation programs [11]. In turn,
bantam appears to regulate Cic expression levels producing a
negative feedback loop [10]. These observations suggest the
existence of elaborate control mechanisms in which Cic activity
cooperates with other inputs to regulate cell cycle progression
during fly development. In fact, Cic might itself integrate some
of these signals directly, since recent data shows that Cic is
phosphorylated and downregulated by Minibrain/DYRKI1A, a
kinase involved in growth control that would affect Cic in par-
allel with ERK-mediated inhibition [18].

Conserved and unique features of CIC in mammals

CIC proteins are highly conserved across mammals (Figure 3).
Human and murine orthologs were identified in 2002 as novel
Sox-related genes expressed during neural development [21].
However, CIC expression in mammals is not restricted to the
brain and is found in a variety of organs including thymus
and lung [22]. At the molecular level, mammalian and fly CIC
proteins show the highest similarity in their HMG-box and
C-terminal domains (Figure 3). In addition, similar to Dro-
sophila, both humans and mice express at least two isoforms,
CIC-L (long) and CIC-S (short), with different N-terminal
regions [23]. Interestingly, the exons encoding the N-terminal
regions of the Drosophila and mammalian CIC-S isoforms
appear to have originated independently during evolution,
suggesting that they may exert at least some distinct molecu-
lar functions [24]. For instance, Drosophila Cic-S harbors a
unique N-terminal motif, only present in dipteran insects,
that allows its association with the Groucho (Gro) corepres-
sor, an activity therefore unlikely to be present in its mamma-
lian counterpart (Figure 3) [24].

As in Drosophila, mammalian CIC proteins bind to highly
conserved octameric sites in target genes via their HMG-box
and C1 domains [12,15,28,29]. In all cases analyzed so far, such
binding leads to repression of CIC targets, which include mem-
bers of the PEA3 family (see below) [22,28,30]. Similarly, CIC
is also negatively regulated by ERK-mediated phosphorylation
in mammalian cells, which prevents binding of the importin
KPNA3 to CIC and ultimately leads to derepression of CIC tar-
gets [30]. Recently, photocrosslinking studies have identified an
ERK docking site in human CIC that is different from the site
characterized in the Drosophila protein [5,27]. In addition, the
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Figure 2. Role of Cic in Ras-MAPK signaling and growth control. (A) Regulation of Cic repressor activity via MAPK signaling in Drosophila. In the absence of RTK/RAS/MAPK
signaling, Cic acts as a default repressor by binding to specific Cic-binding sites (CBS) in its target genes (left). Upon RTK activation, RAS proteins become GTP-bound and
initiate a phosphorylation cascade via the kinases Draf (RAF ortholog), Dsor (MEK ortholog) and the MAPK Rolled (ERK ortholog) causing phosphorylation of Cic, which in
turn results in its degradation and/or nuclear exclusion (right). As a consequence, Cic target genes are transcriptionally induced (derepressed) at specific times and places
during development. This induction depends on transcriptional activators (A) which remain only partially characterized. Two confirmed activators of Cic targets are Dorsal
and Zelda, which activate the intermediate neuroblasts defective gene in the early embryo [7,12,13]. Zelda also appears to activate tailless, [14] another embryonic Cic tar-
get [1,12,15]. See also panel B and [2] and [11]. (B) Summary of Cic regulatory interactions in Drosophila growth control. In addition to its role downstream of Ras signal-
ing, Cic mediates cross-interactions with the Hippo (Hpo) pathway and other regulatory inputs. For example, both Cic and the Sd:Yki co-activator complex regulate a
common set of target genes, which become induced upon simultaneous reduction of Hpo signaling (leading to Sd:Yki upregulation) and Cic repressor activity. Some of
these targets, including the Ets transcription factor Pnt [8,11] and the bantam microRNA, [10,16,71,72] are directly controlled by both Cic and Sd/Yki, whereas the input
of Sd:Yki on other targets appears to be indirect, possibly via JAK/STAT signaling [11]. This latter set of targets includes negative feedback regulators of Ras signaling
such as Argos and Sprouty, whose activity is represented by a dashed loop. bantam has also been proposed to function in a negative feedback loop to downregulate Cic
expression levels. Finally, recent evidence linking Mnb kinase activity to both Cic [18] and Hpo signaling [19] (not included in the model) implies the existence of addi-
tional layers of crosstalk. Cic and Sd are DNA binding proteins and are represented by ovals. The correspondence between Drosophila proteins illustrated in the diagram
and their mammalian orthologs is indicated on the right. See main text for further details.

direct ERK substrate p90RSK can phosphorylate CIC on resi-
dues adjacent to the HMG box, thereby creating docking
sites for 14-3-3 proteins, which, in turn, appear to decrease the
interaction of CIC with DNA [30]. Yet, the regulation of CIC
function remains poorly defined in mammals (see below), and
it is not clear whether there are additional ERK-dependent or
-independent mechanisms controlling CIC stability, localiza-
tion or DNA binding in mammalian cells.

functional significance of CIC-ATXN1/ATXNIL complexes is
not fully understood, several lines of evidence suggest that
ATXNI1 and ATXNIL help stabilize the CIC protein and also
serve as CIC corepressors [22,23,32,33,71]. For instance, reduc-
ing Atxnl/AtxnlL gene dosage in mice caused a decline in CIC
protein levels and derepression of CIC target genes, [22]
although the mechanism by which ATXNI1/ATXNI1L proteins
control CIC stability is currently unknown. Also, the interac-
tion of ATXN1 with CIC is required for disease manifestation,
since ATXN1%7%4, a mutant that cannot bind CIC, is not path-
ogenic [23]. Moreover, disruption of the ATXN1-CIC complex
has been shown to have a therapeutic effect in SCA1 [34]. This

Specific roles of CIC in mammalian development and
homeostasis

Mammalian CIC proteins form nuclear protein complexes with
ATAXIN-1 (ATXN1) and its related factor ATAXIN-1-LIKE
(ATXNIL) [23]. ATXNI is best known for its role in Spinocer-
ebellar Ataxia Type 1 (SCA1), which is caused by the expansion
of a polyglutamine tract in this protein [31]. While the

was demonstrated by breeding the SCAI gain-of-function
mouse model Afxn1'**? with a Cic-L™" strain (Table 1). This
strain carries a genetrap cassette introduced downstream of
exon 1A, thereby selectively eliminating the CIC-L isoform,
while at the same time reducing the expression of CIC-S [22].



CELLCYCLE (&) 705

N1
Cic-L [ [ T [AMS [ [1]
C2 C1
Cic-S [I [HMS] [l LI
N2
ATXN1 ERK
N1 BD BD
CIC-L | [ || Y [ T 1T
C1
CIC-S [QI—Fvg [ [ [1]

Figure 3. Structure and conservation of CIC orthologs from Drosophila and humans. Both species express CIC-L and CIC-S isoforms with alternative N-terminal regions.
These isoforms display overlapping distributions in multiple tissues (particularly in mammals [22,25]), although very little is known about the mechanisms controlling
these patterns of expression both in Drosophila and in mammals. Studies in Drosophila have revealed a key difference between Cic-S and Cic-L: Cic-S contains a specific
motif called N2 which is critical for Gro-mediated repression in the embryo [24]. Conversely, the Cic-L isoforms share a domain of unknown function (N1) in their N-termi-
nal regions [23,24]. Other than that, the functional differences between these isoforms remain poorly understood. All short and long isoforms share the HMG-box and C1
domains involved in DNA binding. Although the ATXN1 binding domain (BD) characterized in mammalian CIC proteins [23,26] is only moderately conserved in Drosophila
Cic [23] (not shown), Ataxin-1 has been identified in a screen for Cic interactors in Drosophila embryos [18]. The C2 MAPK docking site of Drosophila Cic and a distinct ERK

BD of human CIC are also indicated [5,27].

The majority of Cic-L™~ mice died before weaning, but reduced
CIC activity in Cic-L™~ mice bred with Atxn1'**? mutants was
sufficient to ameliorate the SCA1l phenotypes [34]. This
improvement was also observed by subjecting the mice to an
exercise routine, which led to a reduction of CIC levels through
activation of EGFR signaling in the brainstem [34]. Remark-
ably, glutamine-expanded ATXN1 tends to form more orga-
nized and less toxic fibrillar aggregates in the context of
reduced CIC expression levels [35]. Moreover, a screen for
ATXNI1 regulators that could provide potential therapeutic
options against SCAl yielded several components of the
MAPK pathway [36]. ATXNI protein stability was shown to be
directly controlled by the MAPK pathway via MSK1-mediated
phosphorylation, and downregulation of RAS-ERK-MSK1
activity decreased the levels and toxicity of glutamine-expanded
ATXNI1 [36]. Thus, although further research is needed to fully
elucidate the complex interplay between RAS-ERK signaling,
ATXNI and CIC, these and other data discussed below offer
promising prospects for developing treatments against SCA1
and at least some cancers.

Furthermore, while the interaction of CIC with gain-of-
function ATXN1 contributes to SCA1, wildtype CIC-ATXN1/
ATAXINIL complexes are required to prevent neurobehavioral
defects [39]. Zoghbi and co-workers assessed the effects of
deleting Cic in different regions of the brain using a Cic condi-
tional allele carrying loxP sites flanking exons 9-11, whose dele-
tion causes truncated CIC proteins due to incorporation of a
premature stop codon (Table 1). Cic ablation driven by the
Emx1-Cre strain, which expresses Cre activity in the forebrain,
resulted in hyperactivity as well as learning and memory
defects. In contrast, when conditional Cic ablation was driven
by the Opt-Cre allele, which is active in the hypothalamus and
medial amygdala, mice developed defects in social interaction
related to autism spectrum disorders [39]. Consistent with
these phenotypes, CIC mutations have been associated with
mental and developmental retardation as well as intellectual
disability in humans [39,43,44].

As mentioned above, CIC expression is not restricted to the
brain and it exerts additional developmental and physiological
roles in other tissues. Ablation of full-length Cic isoforms using
the same conditional strain in cells of hematopoietic lineage
(by crossing with Vavi-Cre) or in T lymphocytes (by crossing
with Cd4-Cre) increases the population of follicular helper T
cells (Tgy) via derepression of Etv5 along with the subsequent
induction of its target gene Maf [40]. The increase in Tgy cells
also caused an expansion of germinal center B-cells and
revealed autoimmunity phenotypes such as enlarged secondary
lymphoid organs and infiltration of immune cells into tissues
[40].

CIC has also been implicated in liver homeostasis, as surviv-
ing 18-day-old Cic-L™~ mice show increased levels of bile acid
in the liver and enhanced inflammatory responses owing to
increased hepatic interleukin-6 and TNFq levels [25]. Absence
of CIC-L did not translate in hepatic damage by itself but coop-
erated with a 1% cholic acid diet to produce hepatic injury [25].
Whether this phenotype is a consequence of reduced total CIC
protein levels or a property selectively attributed to the CIC-L
isoform remains to be determined. In addition, Cic-L™~ mice
displayed lung alveolarization defects accompanied by MMP9
overexpression at P20 [22]. A similar phenotype was found in
AtxnlL null mice and it has been proposed that loss of either
ATXNIL or CIC causes derepression of ETV4, a PEA3 family
activator of matrix metalloprotease genes such as Mmp9 that
would affect the alveolarization process.

Finally, germline expression of CIC isoforms lacking the
HMG-box in mice (Cic***2%° strain) leads to perinatal lethal-
ity and abnormal terminal differentiation of the respiratory
epithelium during late embryonic development (Table 1) [37].
The observed defects in these mice correlate with a dramatic
increase in proliferating cells and persistent TTF-1 expression.
Furthermore, these mice display a reduction in the numbers of
type II alveolar cells, suggesting that CIC loss-of-function
embryos are incapable of producing enough surfactant for post-
natal survival. These observations and those made in Cic-L™'"
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Table 1. Phenotypes of Cic-deficient mouse models.

Mouse strain Deletion Phenotype References
Cic-L™~ Germline Perinatal lethality with incomplete penetrance and lung alveolarization defects [22]
Germline Impaired bile acid homeostasis in liver [25]
Cic®/'°% (exons 2-6) hUBC-CreERT2 T-ALL (CreERT2 activation in adult mice) [37]
GFAP-Cre No phenotype [37]
Germline Perinatal lethality, lung maturation defects and omphalocele [37]
Gid™"** (exons 9-11) hUBC-CreERT2 T-ALL (CreERT2 activation in adult mice) 138]
Emx1-Cre Hyperactivity and impaired memory [39]
Opt-Cre Autism Spectrum Disorder (ASD) [39]
Vavi-Cre Increased Try cell development and autoimmunity [40]
Late onset T-ALL with incomplete penetrance [38]
Cd4-Cre Increased T, cell development and autoimmunity [40]
Tek-Cre T-ALL [38]
Alb-Cre Promotion of chemically induced HCC progression and metastasis [41]
Germline Embryonic or perinatal lethality with incomplete penetrance and hyperproliferation [42]

of neural stem cells in the SVZ

mice suggest that CIC activity is particularly relevant for late
stage lung development, with phenotypes becoming apparent
at the relatively advanced saccular and alveolar stages in
Cic**%/2%¢ and Cic-L™~ embryos, respectively [22,37]. Addi-
tionally, these Cic***4%® embryos displayed omphalocele with
high frequency, a defect also shared by Atxnl/AtxniL double
KO embryos, suggesting that the ATXN1/ATXN1L-CIC com-
plexes may be needed for retraction of the gut from the umbili-
cal cord [37]. Collectively, these evidences indicate that ATXN1
and ATXNIL are key factors modulating the levels and activity
of CIC in multiple settings, which emphasizes the need for
further mechanistic studies dissecting the roles of CIC-ATXN1/
ATXNIL complexes in normal and pathological conditions.

Role of CIC in RAS-driven proliferation in
mammalian cells

Cic has been shown to play a key role in Ras-driven prolifera-
tion in flies. Ablation of the single Ras locus in Drosophila
results in small, poorly growing cell clones in their imaginal
discs. Concomitant inactivation of the cic gene restored this
defect leading to the generation of normal clones indistinguish-
able from those expressing wild-type Ras [6]. Likewise, deple-
tion of Ras prevents mitotic divisions in intestinal stem cells
and simultaneous inhibition of Cic expression rescues the pro-
liferation defects [8]. These observations suggest that, at least in
these fly tissues, Cic is the key mediator of Ras-driven cell pro-
liferation. In contrast, inactivation of mammalian CIC in
mouse embryonic fibroblasts lacking the three RAS isoforms,
Hras, Nras and Kras, [45-47] failed to induce proliferation,
indicating a more complex interpretation of RAS signaling in
these mammalian cells [37]. In this regard, it has been shown
that ERK proteins phosphorylate and inactivate additional
repressors such as ERF or ETV6 (also known as TEL) [48,49].
Therefore, it will be interesting to determine whether the com-
bined inactivation of CIC, ERF and ETV6 may be sufficient for
RAS-independent cell proliferation, or whether additional fac-
tors are also involved.

CIC is a tumor suppressor

More recently, CIC has been found to be involved in cancer
development. Oligodendrogliomas, a type of low-grade brain

tumor, had long been recognized to harbor loss of heterozygos-
ity (LOH) of chromosome arms 1p and 19q. In a large-scale
sequencing effort to identify potential tumor suppressor genes
in these chromosomal deletions, Bettegowda and colleagues
identified recurrent mutations in CIC (70% of cases) in the
remaining allele on chromosome 19q, suggesting that CIC acts
as a tumor suppressor gene [50]. In most cases, these mutations
co-occur with mutations in IDHI and/or, less frequently, in
FUBPI or the TERT promoter [50-52]. IDHI mutations are
known to change the catalytic properties of the mitochondrial
enzyme isocitrate dehydrogenase (IDH). Whereas the wild-
type enzyme is implicated in metabolic processes by converting
isocitrate into o-ketoglutarate, the mutated version acquires a
new catalytic activity and further converts «t-ketoglutarate into
2-hydroxyglutarate (2HG) [53]. More recently, 2HG has been
recognized as an “oncometabolite”, thus contributing to onco-
genic transformation by inhibiting 2-oxoglutarate-dependent
dioxygenases [54]. Ectopic expression of wild-type or mutant
CIC-S proteins has been shown to cooperate with mutant
IDH]1 to further increase the production of 2HG [55]. Surpris-
ingly, CIC-S proteins have also been detected in the cytoplasm
associated with mitochondria, suggesting that this localization
could somehow modulate 2HG production by mutant IDH1
[55]. However, further studies are required to clarify this
intriguing possibility.

Interestingly, the majority of CIC missense mutations in oli-
godendroglioma cluster in two well-defined domains, the
HMG-box and a C-terminal motif known as C1, both of which
are implicated in DNA binding and, hence, repression of CIC
targets (Figure 4). In addition, a variety of other mutations in
these tumors causes premature stop codons, altered splice sites,
and frameshift insertions or deletions that are likely to disable
CIC’s repressor activity (Figure 4). More recent studies have
identified distinct CIC missense mutations within a single
tumor, suggesting that selective pressure to inactivate CIC
function causes several subclones to acquire distinct mutations
independently, thereby contributing to intratumoral heteroge-
neity [56]. These CIC mutations are not always maintained in
recurrent oligodendrogliomas, adding further support to the
concept that some of these mutations may be subclonal second-
ary events [57]. Finally, the presence of mutated CIC alleles cor-
relates with a more aggressive phenotype when compared to
tumors that only harbor the 1p/19q co-deletion, indicating that
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Figure 4. CIC mutations in CNS/brain tumors. Number of mutations are plotted along the length of the CIC-S protein (depicted with the HMG-box and C1 domains
highlighted in yellow and brown, respectively). Missense mutations are indicated by red circles and truncating mutations by black circles. Mutation data were obtained

from cBioPortal Version v1.8.3, selecting only CNS/brain datasets.

complete inactivation of CIC function actively contributes to
tumor progression [58].

In mice, elimination of CIC activity in the entire brain by
crossing a Cic'™/° strain carrying loxP sites flanking exons 2-6
with mice expressing a Cre recombinase under the control of
the GFAP promoter did not result in any significant alterations
at the histopathological level for up to one year of age (Table 1)
[37]. Likewise, eliminating CIC activity by targeting exons 9-11
in Cicd®!°% mice with the EmxI- (forebrain) or the Opt-Cre
(hypothalamus and medial amygdala) strains did not result in
brain tumor formation either [39]. These results suggest that
inactivation of CIC is not an initiating event in glioma develop-
ment. However, Yang and colleagues have recently identified
an aberrantly proliferating neural population in a germline Cic-
deficient mouse model in which some mice survived until P4
(Table 1) [42]. Similarly, the authors also tested whether
absence of CIC modulates glioma formation in mice. To this
end, they used a well-characterized model of oligodendro-
glioma that is driven by overexpression of PDGFB. Neuro-
spheres from Cic*’* or Cic"™/°* mice were transduced with
retroviruses expressing PDGFB and Cre-expressing adenovi-
ruses to remove the Cic conditional alleles and create Cic™'~
neurospheres. These Cic™’~ neurospheres, when implanted into
the brain of immunocompromised mice, gave rise to PDGFB-
driven gliomas with significantly lower latency than Cic*’* neu-
rospheres, indicating that absence of CIC potentiates PDGFB-
driven glioma formation [42]. Taken together, these studies
indicate that loss of CIC activity is likely not sufficient on its
own to initiate brain tumorigenesis, but it may accelerate the
growth of brain tumors driven by other cancer drivers.
Whether the aberrantly proliferating neural cell population
identified by Yang and colleagues in Cic-deficient mice can
play a role in tumor initiation awaits further clarification.

CIC mutations have subsequently been identified in a variety
of other cancers such as stomach adenocarcinomas (12.9%),
endometrial carcinomas (6.9%), colorectal carcinomas (6.1%),
or melanomas (5.2%) [59,60]. Yet, the contribution of CIC
mutations to these cancers has not been thoroughly investi-
gated. Moreover, inactivation of CIC has been implicated in
metastasis formation. In particular, CIC mutations were associ-
ated with advanced stage lung adenocarcinomas and the inacti-
vation of CIC promoted metastasis in an in vivo orthotopic
model of lung cancer [61,62]. Interestingly, a variety of mis-
sense mutations identified in advanced stage lung

adenocarcinomas affect codons that encode residues of yet
uncharacterized protein regions. Likewise, loss of CIC has been
implicated in metastatic progression of prostate cancer [63].
More recently, absence of CIC was found to promote progres-
sion and metastasis of hepatocellular carcinomas induced by
the chemical carcinogen diethylnitrosamine [41]. Here, CIC
proteins were deleted specifically from the liver by crossing
Cic "% mice with the Alb-Cre strain (Table 1).

From the molecular point of view, most of the available data
suggest that CIC exerts its tumor suppressive functions by
repressing its specific target genes. Mutations in exons encod-
ing the HMG-box or the C1 motif clearly disrupt DNA binding
of CIC [29]. Since both types of mutations are frequently found
in a variety of tumors (usually in combination with LOH of
chromosome arm 19q), the loss of DNA binding (and presum-
ably repressor activity) appears to be a key mechanism of CIC
tumorigenesis. However, it remains unclear whether, and
through which mechanisms, other missense mutations identi-
fied outside the HMG-box and C1 domains also contribute to
tumor progression.

Additionally, CIC has been shown to be part of chromo-
somal translocations that result in oncogenic fusion proteins
carrying domains of DUX4 or FOXO4 in Ewing-like sarcomas,
or of NUTMI in brain tumors [28,64]. These chimeric proteins
usually retain most parts of CIC, including the C1 domain,
attached to the various C-terminal regions of their fusion part-
ners. The CIC-DUX4 fusion proteins, the best characterized so
far, are believed to recognize CIC binding elements in target
promoters and activate instead of repress gene expression via
the DUX4 activation domain [28,29].

Role of CIC in T-ALL

Systemic inactivation of CIC proteins in adult mice using the
conditional strain carrying loxP sites flanking exons 2-6 led
to the development of acute T-cell lymphoblastic lymphoma
(T-ALL) before one year of age [37]. No other tissue in these
mice displayed detectable alterations. Further characterization
of the tumors revealed a high degree of malignancy, such as dis-
semination to other organs, transplantability of the disease, or
clonal expansions of T cell populations. Transcriptomal analy-
sis of these tumors by RNA sequencing revealed a variety of
highly derepressed CIC targets including the transcription fac-
tors ETV4 and, to a lesser extent, ETV5. Notably, inactivation
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of CIC in an Etv4-deficient background dramatically reduced
the incidence of T-ALL, indicating that ETV4 is a key effector
of T-ALL development. Subsequent studies in which ETV4
expression was downregulated in human T-ALL cell lines also
revealed a dependence of this tumor type on ETV4 expression
[37]. Induction of T-ALL by expression of an H-RASS'?Y onco-
protein from the mouse Kras locus revealed highly related tran-
scriptional profiles with those induced by inactivation of CIC
proteins [37,65] Similar transcriptional profiles were also
observed in human T-ALLs carrying mutations that predict
activation of the RAS/MAPK pathway [37]. These results sug-
gest that CIC is a key effector of RAS/MAPK driven T-ALL.

A more recent study utilizing the Cic"™"°* strain with loxP
sites flanking exons 9-11 obtained similar results [38]. When
the authors systemically eliminated CIC from adult mice, but
also specifically in hematopoietic progenitors by crossing with
the Tek-Cre strain, mice developed fully penetrant T-ALL
(Table 1). These important observations indicate that CIC’s
tumor suppressor activity is inherent to the hematopoietic line-
age, since a potential implication of non-hematopoietic tissues
cannot be ruled out upon systemic CIC elimination. In this
regard, the same study also observed T-ALL formation using
the Vavi-Cre line (also active in hematopoietic cells), although
much more delayed and with incomplete penetrance. This
slower, milder effect may explain why a previous study did not
observe lymphoma development using the same Cre recombi-
nase line [40].

All these data taken together strongly support the notion
that CIC’s transcriptional repressor activity is crucial to sup-
press tumorigenesis. However, in contrast to Drosophila, inacti-
vation of CIC in mammals does not seem to induce cell
proliferation directly. This raises the question of how CIC inac-
tivation contributes to cancer progression. In the majority of
the cases described so far, derepression of the PEA3 family of
transcription factors was key to tumor development. Thus, it is
conceivable that CIC mutations impact on other cancer traits
that are distinct from mere cell proliferation. Furthermore, at
least two lines of evidence support the idea that CIC inactiva-
tion particularly affects the late stages of cancer progression.
First, CIC mutations themselves appear to be a late event in
tumor formation, suggesting that they do not play a major role
in cancer initiation [61]. Second, PEA3 transcription factors
are well-known to control expression of matrix metallopro-
teases which in turn have been implicated in cancer cell inva-
sion [22,61]. However, it should not be ruled out that other, yet
unidentified mechanisms also contribute to tumor growth.
Interestingly, CIC mutations can also occur in tumors carrying
mutations in the RAS pathway, [59,60] suggesting that RAS
inputs on other factors can enhance the CIC inactivation phe-
notype, at least in certain tumors.

CIC and therapy resistance

Despite the generally low frequency of RAS mutations in T-
ALL, it has been suggested that up to 50% of these tumors dis-
play aberrant RAS signaling [66]. Moreover, RAS/MAPK acti-
vating mutations are much more prevalent in relapsed cases,
suggesting that targeting RAS/MAPK signaling could be a ther-
apeutic option in a significant percentage of T-ALL patients

[67]. Indeed, experiments using mouse models suggest that T-
ALLs driven by Ras oncogenes are susceptible to MEK inhibi-
tion [68]. However, T-ALL cells from tumors obtained upon
CIC inactivation do not exhibit increased MAPK activity and
are completely resistant to the MEK kinase inhibitor trametinib
[37]. Moreover, inactivation of CIC from trametinib-sensitive
human T-ALL cell lines using CRISPR/Cas9 also makes these
cells insensitive to MEK inhibition. These observations suggest
that inactivation of CIC may render MAPK inhibition ineffi-
cient in human cancer. In agreement with these observations, a
genetic screen for genes whose absence causes resistance to
MEK inhibition in lung and gastric cancer cell lines resulted in
the identification of CIC [69]. Similarly, CIC was also identified
as a determinant of sensitivity to blocking EGFR signaling in
neural stem cells or NSCLC cell lines [42,70]. Taken together,
these studies suggest that absence of CIC derepresses a signifi-
cant fraction of the gene expression program induced by activa-
tion of the EGFR/RAS/MAPK pathway. Therefore, the levels of
CIC activity should be a key biomarker to predict the sensitivity
of RAS/MAPK-driven tumors to MEK or ERK inhibitors. In
sum, the relevance of CIC for cancer progression and therapy
resistance is only just emerging and we believe that a better
understanding of CIC functions could indeed make a signifi-
cant impact on cancer therapies in the future.

Open questions

The involvement of CIC in several human diseases has stimu-
lated substantial interest in understanding its multiple biologi-
cal functions. Yet, despite the rapid progress made in recent
years, the mechanisms of CIC activity and regulation are far
from being fully understood. Thus, apart from the points dis-
cussed earlier, many open questions remain that need to be
addressed in the future. For example, the functional differences
between both CIC isoforms, CIC-L and CIC-S, remain largely
uncharacterized. Related to this question, it will also be impor-
tant to determine the precise molecular mechanisms of CIC
repression and the role of ATXN proteins in this context. Most
CIC functions appear to rely on this repressor activity, but does
CIC possess activator or even transcription-independent
functions? In this regard, further studies are also needed to clar-
ify the potential role of CIC-S in mitochondria. Furthermore,
from a biological perspective, it is evident that CIC has evolved
independent functions in flies and mammals, which often
depend on distinct sets of target genes, but is there a common,
ancestral function shared across species? Questions also remain
concerning the roles of CIC in cancer. It is striking that CIC
mutations cluster into the HMG-box and the C1 motif only in
oligodendroglioma. What is then the significance of the more
even distribution of CIC mutations throughout the entire cod-
ing region in other cancers? Are all of these mutations merely
passenger events or could they reflect tissue-specific differences
in protein activity or sensitivity to mutagenesis? One initial
study already suggested that all tested CIC mutations found in
lung cancer, independently of where they occur, produce loss-
of-function proteins [61,62]. Moreover, it has been suggested
that CIC haploinsufficiency might cause predisposition to can-
cer and could represent in itself a RASopathy syndrome, [38]
an idea that warrants further investigation. Furthermore, it is



unclear how loss of CIC function contributes to resistance to
MAPK pathway inhibition, beyond causing derepression of the
PEA3 family of transcription factors. Finally, it is expected that
answers to these questions will provide a first step towards the
bigger challenge of translating all that knowledge into novel
therapies for CIC-related diseases.
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