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CIC/Capicua is an HMG-box transcription factor that is well conserved during evo-
lution. CIC recognizes the T(G/C)AATG(A/G)A sequence and represses its target
genes, such as PEA3 family genes. The receptor tyrosine kinase/RAS/MAPK sig-
nals downregulate CIC and relieves CIC's target genes from the transrepressional
activity; CIC thus acts as an important downstream molecule of the pathway and
as a tumor suppressor. CIC loss-of-function mutations are frequently observed in
several human neoplasms such as oligodendroglioma, and lung and gastric carci-
noma. CIC is also involved in chromosomal translocation-associated gene fusions
in highly aggressive small round cell sarcoma that is biologically and clinically dis-
tinct from Ewing sarcoma. In these mutations, PEA3 family genes and other
important target genes are upregulated, inducing malignant phenotypes. Down-
regulation of CIC abrogates the effect of MAPK inhibitors, suggesting its poten-
tial role as an important modifier of molecular target therapies for cancer. These
data reveal the importance of CIC as a key molecule in signal transduction, car-
cinogenesis, and developing novel therapies.

doi: 10.1111/cas.13413

he RTK/RAS/MAPK pathway plays a central role in

development, progression, and survival of cancer cells. A
number of mutations in the pathway have been identified in
the broad spectrum of cancer.'” In most of the mutations,
enhancement and/or prolongation of phosphorylation was
found in proteins of signal mediators in the pathway. The sig-
nal is transmitted to the nuclear proteins, such as transcription
factors, cofactors, and/or chromatin regulators, and the abnor-
mal signaling disorganizes the epigenetic status.” During
malignant transformation, progression, and survival of cancer
cells under therapeutic stress, the nuclear proteins and tran-
scriptional program downstream to RTK/MAPK signaling
modify cellular biological activities and their interference will
be one of the critical targets of therapies.®’

Multiple downstream molecules are activated in response to
RTK/MAPK phosphorylation signals.”” The PEA3 family of
ETS transcription factors, ETV1, ETV4, and ETVS5, are known
to act as such downstream nuclear proteins.® " The PEA3 fam-
ily genes are involved in chromosomal translocation associated
with prostate cancer and ES, and their overexpression promotes
cell proliferation, motility, and invasion.® As a common direct
repressor of PEA3 genes, Capicua/CIC is an important RTK/
MAPK downstream molecule that is contained in an ATXNI1/
CIC repressor complex and regulates cell proliferation.**-'?)

Capicua/CIC is an HMG-box transcriptional repressor that is
well conserved during evolution. There is growing evidence
that CIC is involved in a variety of human cancer. These
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aberrations include both loss-of-function and gain-of-function
mutations, indicating the pleiotropic characteristics of CIC in
cancer. This review describes the functions of CIC, its muta-
tion spectrum in human cancer and signaling pathways, and
mechanistic consequences involved in these mutations.
Structure and function of Capicua/CIC. Human CIC encodes
two protein isoforms, CIC-L and CIC-S, consisting of 2517
and 1608 amino acids, respectively (Fig. 1a)."" CIC is a
mammalian homolog of Drosophila capicua that is well con-
served in many organisms and there are no apparent homologs
in mammals (Fig. 1b). CIC recognizes chromatin through its
consensus T(G/C)AATG(A/G)A sequence (also called CIC
octamer) using an HMG-box as a DNA-binding motif,"'*'®
unlike other HMG class transcription factors most of which do
not bind DNA in the sequence-specific manner."* The CIC
HMG-box is highly conserved among species and there are
also additional conserved motifs, C1 and C2, in the C-terminus
and the central part, respectively.">'® The in virro DNA bind-
ing assay using mutant CIC constructs showed that the Cl1
motif is required for stable DNA binding by its interaction
with the HMG box.""? Thus, both the HMG-box and C1 motif
contribute to the core function of CIC, as is also suggested by
the mutation spectrum in human cancer (see below).
Drosophila capicua was first identified as a transcriptional
repressor downstream to torso, a Drosophila RTK with partial
homology to mammalian RET, PDGFR, and c-kit (Fig. 1c)."'®"
'® Capicua represses tailless and huckebein by interacting
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Structure, conservation, and functions of CIC. (a) Two isoforms of the CIC protein contain well-conserved HMG-box, C1 and C2 motifs,

nuclear localization signal (NLS), and ataxin 1 (ATXN1)/ataxin 1 like (ATXN1L) and 14-3-3 binding sites. The numbers of amino acids for each iso-
form are indicated. Black bars, proline-rich regions. Red bar, isoform S-specific N-terminal 22 amino acid sequence. (b) Evolutionary relationship
among ClC/capicua proteins. The protein distances were calculated between two sequences and a phylogenetic tree was reconstructed by the
neighbor-joining method. (c) Molecular pathway around CIC. CIC represses its target genes such as ETV1/4/5 and RAS/MAPK signals downregulate
CIC. Interaction between CIC and ATXN1 or ATXN1L is important for CIC's repression activity.

with groucho using the capicua C-terminus encompassing the
C1 motif during Drosophila embryogenesis. Capicua also
represses mirror expression that determines the ovarian follicle
cell fate."” Moreover, ATXN1 that is mutated in human
SCA1 modulates the repressional activity of capicua, interact-
. . . . ¢ (20,21)

ing with the N-terminal region of capicua. Conversely,

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

haploinsufficiency of Cic improved SCA1 disease phenotypes
in Arxn] mutant mice.*?

The homozygous knockout mouse for Cic-L shows the defect
of alveolar organization of the lung, and the phenotype is similar
with that of the compound Afxn/ and Afxnll knockout mouse,
indicating the importance of CIC/ATXNI interaction in tissue
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homeostasis.*® In mutants, Erv4 repression by CIC is cancelled,
resulting in upregulation of Mmp9 and aberration of ECM
remodeling.*® The conditional Cic mutation lacking exons 2—6
also induced abnormal lung alveolarization with reduced alveo-
lar surfactant protein expression.”* Moreover, hematopoietic
lineage cell-specific knockout of Cic induced remarkable
autoimmune responses with increased follicular helper T cells,
which was mediated by derepression of Erv5.%>

Interaction between CIC and ATXNI1 protein family is also
important for brain development. Disruption of the ATXNI1/
CIC complex affects thickness of cerebral cortex, inducing
multiple behavioral abnormalities in mice.*® In human, the
germline heterozygous CIC truncating mutations were reported
in patients of intellectual disability, attention deficit hyperac-
tivity disorder, and autism spectrum disorder.*® The Cic-L
knockout homozygous mutant also shows downregulation of
transporter genes such as Bsep and Mdr2 in hepatocytes show-
ing bile acid accumulation.””” CIC is ubiquitously expressed
in many organs except for kidney, and thus its function is
important for homeostasis of multiple organs.

Functions of CIC as a downstream molecule of RTK/MAPK
signaling are important for tissue patterning and cell prolifera-
tion. While CIC constitutively represses its target genes when
MAPK signals are off, it is promptly downregulated by MAPK
phosphorylation, inducing upregulation of PEA3 family genes
that promote cellular proliferation and migration.”->*® Activa-
tion of EGFR induces MAPK-dependent phosphorylation of CIC
directly or through p90RSK, promoting CIC binding to 14-3-3
proteins and inhibiting the importin alpha 4 activity.”> Binding
of CIC to 14-3-3 proteins also reduces DNA binding activity of
CIC. In addition, ERK-induced phosphorylation reduces CIC’s
repressor activities and eventually promotes cytoplasmic export
of phosphorylated CIC from nucleus, resulting in its degrada-
tion.**? CIC degradation is achieved by the ubiquitin E3 ligase
com(%)lex Cullin1/SKP1/Archipelago in the ERK-dependent man-
ner.®" Thus, CIC expression is clearly downregulated in accor-
dance with torso- and EGFR-induced MAPK activity.
Importantly, multiple cis elements to which CIC potentially binds
are found as responsive elements for RTK signaling.®?

There is a well-conserved MAPK-docking site (C2 motif,
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MAPK-induced downregulation."®** The ERK-independent
downregulation of CIC by minibrain/DYRKI1A is observed in
Drosophila wing and eye formation.®® In addition, bicoid
antagonizes downregulation of CIC in anterior patterning of
Drosophila.®>*® In this case, bicoid acts as a competitive sub-
strate for MAPK, which renders CIC phosphorylation.

CIC functions as a tumor suppressor in human cancer. CIC’s
repressive function to the downstream targets in the RAS/
MAPK signals suggests its role as a tumor suppressor gene in
carcinogenesis. Indeed, CIC was found mutated in the majority
of human oligodendroglioma, in which biallelic mutations and/
or loss of CIC were frequently observed (Fig. 2a,
Table 1).%7*® In brain tumors, CIC mutations are rather speci-
fic to oligodendroglioma and are rarely observed in astrocytic
tumors.®” CIC mutations in oligodendroglioma are frequently
associated with IDHI and FUBPI mutations, suggesting
a cooperative role among these three genes in tumorigene-
sis. 394D Cooperative increase of intracellular 2HG, reduced
clonogenicity, and slower proliferation in cell lines introduced
with IDHI and CIC double mutations was reported, however,
the significance of 2HG increase in oligodendroglioma devel-
opment and survival remains unclear.'"

Subsequently, frequent and recurrent loss-of-function muta-
tions and/or reduced expression of CIC have been reported
in lung, stomach, and prostate cancer (Fig. 2a).-'32%38:42
The mutations were mostly detected around the HMG-box
and the Cl domain in oligodendroglioma (Fig. 2a).""® This
characteristic distribution pattern of CIC mutations is consis-
tent with the mechanisms that both the HMG-box and the
Cl domain are necessary for stable DNA binding of
CIC."» No mutations have been reported in the isoform L-
specific region, instead, isoform S-specific mutations were
observed in a few cases of oligodendroglioma, suggesting
that the function of CIC-S might be important in carcino-
genesis. As a result of CIC loss-of-function mutations,
repression of PEA3 family genes are cancelled, promoting
cellular proliferation and migration (Fig. 3a). Interestingly,
frequent mutations at the HMG-box and C1 motif observed
in oligodendroglioma were not found in lung or gastric can-
cer (Fig. 2a). CIC mutations might occur at the early stage

Fig. la), and the C2 deletion mutant is insensitive for of oligodendroglioma development, whereas mutations were
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Table 1. CIC mutations in human cancer
Tumor type Type of alterations Function Reference
Oligodendroglioma LOH(19q and/or 1p) LOF 37, 38, 41
Missense: 59.3% (51/86), nonsense: 4.7% (4/86), in/del: 33.7% (29/86), LOF
splice site: 3.5% (3/86)
Lung cancer Missense: 87.5% (35/40), nonsense: 5.0% (2/40), in/del: 7.5% (3/40) LOF 26
Gastric cancer Missense: 37.9% (11/29), nonsense: 6.9% (2/29), in/del: 55.2% (16/29) LOF 26
T-ALL Point mutation 100% (5/5) LOF 44
ClC-rearranged sarcoma t(4;19)(935;913.1) GOF 12, 52, 57
CIC-DUX4 fusion
(10;19)(926.3;913.1) GOF 57
CIC-DUX4 fusion
t(X;19)(q13;913.3) GOF 61
CIC-FOX04 fusion
CNS-PNET (15;19)(q14;913.2) GOF 63
CIC-NUTM1 fusion
in/del: 100% (1/1) LOF
Angiosarcoma CIC-LEUTX fusion GOF 64
Missense: 100% (7/7) LOF

GOF, gain of function; LOF, loss of function.
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acquired at the advanced stages in lung and gastric cancer.
CIC mutations are not maintained in some cases of recurrent
oligodendroglioma,*® suggesting the mutation might not be
required for oligodendroglioma survival.

Interestingly, a glial fibrillary acidic protein-Cre-induced Cic
mutation in mouse failed to induce oligodendroglioma.®*
Instead, when the same mutation was ubiquitously induced in
adult mice, T-cell lymphoblastic leukemia developed at high
penetrance. Although the result might be caused by the differ-
ence in genetic predisposition for cancer between human and
mouse, it was consistent with the fact that mutations of CIC as
well as the RTK/RAS/MAPK pathway genes were reported in
human T-ALL (Table 1).24

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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(b) Relationship between inhibitory drugs in the
receptor tyrosine kinase (RTK)/RAS/MAPK pathway
and the ataxin 1 like (ATXN1L)/CIC axis. Mutations
within the pathway downregulate CIC (i), and
tyrosine kinase inhibitors (TKI) and trametinib
inhibit the downregulation (ii). When expression of
ATXN1L or CIC is significantly reduced, the effects
are cancelled (iii).
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CIC fusion genes in human cancer. CIC is also involved in
human malignancies as gene fusions associated with chromo-
somal translocation involving 19q13. The CIC fusion to DUX4
in Ewing-like small round cell sarcoma with t(4,19)(q35;q13)
translocation was first identified in 2006."* Most of the CIC
coding region, except for the very C-terminal end, is preserved
in the CIC-DUX4 fusion, and both the HMG-box and Cl1
domain are thus included in the fusion protein, indicating that
the fusion protein possesses DNA-binding activity (Fig. 2b).
Addition of the DUX4 C-terminal part induces conversion of
CIC’s transrepressional activity to transactivation, resulting in
drastic upregulation of target genes such as PEA3 family genes
(Fig. 3a)."? DUX4 encodes a double homeodomain protein

Cancer Sci | December 2017 | vol. 108 | no. 12 | 2322
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and is located in the D4Z4 repeat that is distributed in the sub-
telomeric regions of the mammalian genome with predominant
distribution in 4q and 10q.“>*® Aberrant expression of DUX4
is associated with facioscapulohumeral muscular dystrophy.“”
30 The mechanisms of transcriptional activation of DUX4, by
recruiting p300/CBP using its C-terminal domain that is
included in the CIC-DUX4 fusion, was proposed." As a
result of DUX4 fusion, CIC acquires transcriptional activation,
perhaps through recruitment of p300/CBP, and the fusion con-
verts transrepressional activity of CIC to upregulate its target
genes, thereby shows strong oncogenic activity.

CIC-DUX4-positive sarcomas are composed of small- to
medium-sized, round to ovoid cells without any line of differ-
entiation. CIC-DUX4-positive sarcoma shows a poor outcome;
it was reported that overall survival of CDS patients was worse
than that of ES patients, and phenotypes of CDS are distinct
from those of ES. > We have generated an ex vivo mouse
model for human CDS by introducing CIC-DUX4 into embry-
onic mesenchymal cells.®> CIC-DUX4 expression induced
small round cell sarcoma of aggressive growth with signifi-
cantly shorter latency than that of the ES model.®® The model
faithfully recapitulates the phenotype of human CDS with
upregulation of CIC-DUX4 target genes such as PEA3 family
genes. ETV4 is a good marker of CDS,**"*® and analysis of
the CDS mouse model identified CCND2 and mucin 5AC as
additional biomarkers.”>

The DUX4 sequences are originated from both 4q and
10q.#4635759) DUX4 is also involved in translocation associated
with human B-cell lymphoblastic leukemia, and the C-terminal
region of DUX4 is deleted in these cases,®” suggesting the
functional role of the C-terminal region might be different
depends on cancer types. A CIC fusion with a non-DUX4 gene,
FOXO04, was observed in a rare cases of small round cell sar-
coma.®? Another cluster of CIC-NUTM] fusion-positive tumor
was found in primitive neuroectodermal tumors of the central
nervous system showing a small cell phenotype.® Moreover,
CIC mutations, including CIC-LEUTX fusion, were reported in
9 of 120 cases of angiosarcoma, and PEA3 family genes were
also upregulated in CIC mutated cases.®> Although it remains
to be clarified whether these non-DUX4 fusions also convert
CIC’s repressor function, the HMG-box was retained in both
CIC-FOXO4 and CIC-NUTM]I, suggesting similar functional
modulation in non-DUX4 fusion proteins. Reported CIC fusion
genes are summarized in Table 1.

Molecular targeted therapy using CIC and future direc-
tions. The unique mutations of CIC in human cancer are char-
acterized as a mixture of loss-of-function and gain-of-function
mutations, both of which upregulate downstream target genes
such as ETV4 (Fig. 3a). Many CIC target genes upregulated in
CDS are also found upregulated following CRISPR/Cas9-
mediated KO in isogenic cell lines.®” The RTK/RAS/MAPK
pathway is a common target of molecular targeted therapy,
and acquired resistance for these therapies has been frequently
observed." Therefore, downstream modifiers such as CIC are
good alternative targets for the therapy.

As CIC suppresses MAPK downstream signals, downregula-
tion of CIC may be one of the resistance mechanisms for tar-
geted therapies. Indeed, reduced expression of ATXNIL that
abrogates the CIC function are found to promote resistance to
MAPK pathway inhibition in KRAS mutated pancreatic cancer
cells.®> In this study, Wang et al. identified CIC as a gene
that modulates the sensitivity for MEK1/2 inhibitor trametinib
by CRISPR/Cas9-mediated screening. The exact mechanism to
explain how ATXNIL is downmodulated to reduce CIC
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protein and sensitivity to trametinib remains to be investigated,
however, the result suggests importance of the ATXNIL-CIC
axis for targeted therapy against the genetic mutations in the
RTK/RAS/MAPK pathway (Fig. 3b).

To improve RTK/RAS/MAPK targeting it may be useful to
assess the ATXNIL and CIC expression levels to predict the
effect of inhibitory drugs, thus CIC can be used as a biological
indicator of therapeutic effect. Furthermore, inhibition of CIC
phosphorylation is a good alternative therapeutic approach. To
this end, the reagent that mimics bicoid that blocks the CIC C2
motif from p90RSK binding might be a useful tool. The COP9
signalosome subunit 1b is another guardian of CIC that acts in
an MAPK-independent manner.®" Targeting CIC mutations in
carcinoma and sarcoma is more challenging, however, epige-
netic therapies that modulate transcription of CIC target genes
should be considered. These therapies are effective and ideal for
various cancers in which CIC plays a key role in cancer cell sur-
vival as downstream of the RTK/RAS/MAPK pathway and as a
causative oncogene/tumor suppressor. In addition, it may be use-
ful to evaluate the expression of CIC and ATXNIL to predict
the effects of tyrosine kinase inhibitors and MEK inhibitors.

Cancer cells use multiple signaling pathways that regulate
biological processes such as proliferation, immortalization, self-
renewal, migration, and invasion. The Cic-L homozygous KO
mice showed abnormal remodeling of ECM in the lung.*® This
phenotype is closely recapitulated as upregulation of the ECM
gene set in the CDS mouse model.®> In malignancies, mutant
CIC could orchestrate biological activities of cancer cells in
both cell autonomous and non-autonomous manners.

In conclusion, CIC acts as a modulator in the pathway and
both loss-of-function and gain-of-function mutations of CIC
dysregulate the targets, such as the PEA3 family transcription
factors, CCND1/D2, and MMPs, resulting in abnormal cellular
growth, invasion, and metastasis. Preservation of CIC’s tumor
suppressor functions are thus of great importance for preven-
tion and therapies against malignant disorders.
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Abbreviations

2HG 2-hydroxyglutarate

ATXNI ataxin 1

ATXNIL  ataxin 1 like

CCND1/D2 cyclin D1/D2

CDS CIC-DUX4-positive sarcoma

CIC Capicua transcriptional repressor

CNS-PNET primitive neuroectodermal tumors of the central nervous
system

DUX4 double homeobox 4

ECM extracellular matrix

EGFR epidermal growth factor receptor

ES Ewing sarcoma

RTK receptor tyrosine kinase
SCA1 spinocerebellar ataxia type 1
TKI tyrosine kinase inhibitor
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