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Summary. Less than 2% of human genome has protein-coding ability, while over 90% is transcribed into
non-coding RNA (ncRNA). NcRNA can be divided into small ncRNAs (<200 nucleotides) and long ncR-
NAs (>200 nucleotides). Small ncRNAs, including microRNAs (miRNAs), small interfering RNAs (siR-
NAs), and others have been investigated in recent years and recognized as key players in regulating cellular
processes and diseases, including cancer. Long non-coding RNAs (IncRNAs) attracted increasing attention
in recent years as researchers have revealed their crucial roles as regulators in embryogenesis, stem cell biol-
ogy, and development. Furthermore, growing evidence indicates that dysregulation of IncRNAs is involved
in cancer, and the regulatory functions and mechanisms of IncRNAs in human carcinomas have begun to
emerge. Colon cancer-associated transcript 2 (CCAT2) is a IncRNA transcribed from human 8q24 gene
desert, which has been recently found to be deregulated in several tumor types. In this review, we will briefly
analyse the roles and mechanisms of IncRNAs CCAT?2 involvement in human cancer, and we will discuss the
future perspectives for research and clinical applications.
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Introduction

The roughly 20.000 protein-coding genes rep-
resent nearly 2% of the human genome, while more
than 90% comprises a non-coding portion that actively
transcribes a massive and complex amount of RNA (1,
2). This part of the transcriptome was initially inter-
preted as transcriptional noise and called “dark matter”
by some authors. Nevertheless, this very large amount
of ncRNA was demonstrated to play numerous roles in
normal cellular biology as well as in several pathologi-

cal processes (3).

* Contributed equally

According to their size, ncRNAs are currently di-
vided into two classes. The first class comprises small
ncRNAs, as the recently discovered miRNAs, siRNAs
and others, in addition to the well-known cellular
RNAs (ribosomal, transfer, etc.). miRINAs are RINAs
approximately 22 nucleotides long, which function as
components of complex cellular networks involved in
the regulation of numerous genes, generally by post-
transcriptional silencing (4). The remaining class con-
sists of long non-coding (Inc) RNAs, which are arbi-
trarily defined as non-coding RNAs greater than 200
nucleotides long (5). They have been discovered in
1990 by Brannan et al., and since then a considerable
number has been described; several digital databases
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provide information about the molecular and func-
tional features of the currently known IncRNAs (6, 7).
Generally, their length reaches 100 kilobases, without
significant open reading frames (ORF); they are tran-
scribed by RNA polymerase II or III, and can be lo-
cated in the nucleus or cytoplasm (8, 9). Finally, their
expression levels are usually lower than those of the
protein-coding genes, and a certain tissue-specificity
has been described (10-12).

LncRNAs are associated with different pre- and
post-transcriptional functions, including nuclear archi-
tecture and import, immunity, imprinting, epigenetic
regulations, cellular trafficking, splicing, precursors
of smaller RNAs, and pluripotency of the embryonic
stem cells (13). They can regulate gene expression at
different levels, affecting cell proliferation, differentia-

tion and apoptosis; therefore, they have been found in-
volved in cancer development, maintenance, and pro-
gression (3, 14). Furthermore, they have been studied
as risk, diagnostic, and prognostic markers as well as
indicators of responses to treatments or recurrences.

CCAT?2 in human cancer

Ling et al. reported in 2013 the discovery of a
novel long ncRNA, CCAT?2 (Colon Cancer Associ-
ated Transcript 2), which was found to be transcribed
from the 8q24 genomic region (15). The CCAT2
genomic locus is highly conserved and harbours the
SNP rs6983267; after its discovery, it was shown to be
involved via various mechanisms in the pathogenesis
and development of several human cancers (Table 1).

Table 1. Expression levels, interactions and clinical implications of CCAT?2 in human cancer as depicted in the current scientific

literature.

Cancer Regul. Interactions described Clinical aspects Reference
Breast Up ESR1, PGR, MYC, hormone status Response to chemotherapy Redis et al. (18)
Breast Up WNT signalling pathway Prognostic marker Caietal. (19)
Breast Up pl5 Prognostic marker, therapeutic target Deng et al (20)
Breast Up TGF- signalling pathway - Wu et al. (21)
NSCLC Up - Marker of lymph node involvement. Qui et al. (22)
NSCLC Up Pokemon, p21 - Zhao et al. (23)
SCLC Up - Prognostic marker Chen et al. (25)
Esophageal Up MYC amplification Prognostic marker Zhang et al. (26)
Esophageal Up - Diagnostic marker Wang et al. (27)
Gastric Up EMT Prognostic marker Wang et al. (28)
Gastric Up - Prognostic marker Wu et al. (29)
Gastric Up - Prognostic marker. Wang et al. (30)
Colon Up WNT and MYC. Relation with CIN score, putative markers Ling et al. (15)
Colon Up BubR1 Prognostic marker Kasagi et al. (32)
Colon Up mirl45 Therapeutic target Yu et al. (33)
Liver Up - - Zhou et al. (34)
Liver Up Snail2 Prognostic marker, therapeutic target Xu et al. (35)
Glioma Up WNT signalling pathway Putative diagnostic marker Guo et al. (36)
Glioma Up EMT Prognostic marker Zeng et al (37)
Cervical Up - Prognostic marker Chen et al. (38)
Ovarian Up - Prognostic marker Huang et al. (39)
Cervical Up - - Wa et al. (40)
Prostate Up EMT Prognostic marker Zheng et al. (41)

Bladder Up

Control by synthetic “tetracycline-on” switch

system

Li et al. (42)
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Breast cancer

Past studies have demonstrated that amplification
of the 8424 genomic region occurred more frequently
in solid tubular or scirrhous mammary tumors than in
less aggressive histotypes, and that a correlation exists
between 8424 DNA amplification profiles and breast
cancer phenotype (16, 17). In other words, alterations
in genes located on 8q24 are important for the devel-
opment and/or progression of a consistent subgroup
of primary breast cancers (BC), particularly those
characterized by invasive behaviour. This led the team
of investigators that discovered CCAT2 to further
investigate its role and clinical correlations in breast
cancer (18). For this purpose, the authors measured
the mRNA levels of CCAT?2 by reverse transcription
quantitative polymerase chain reaction (RT-qPCR)
in a cohort of 26 non-neoplastic breast tissues and 30
breast cancer tissues, and evidenced significantly in-
creased levels in tumor samples. Furthermore, in situ
hybridization (ISH) showed a strong CCAT?2 staining
in epithelial cells of both neoplastic and non-neoplastic
tissues; nevertheless, its expression was higher in the
epithelial component of BC than in the corresponding
component of healthy tissues. CCAT2 expression was
detected in both invasive epithelial components and “in
situ” epithelial lesions. However, in a distinct set of 15
unpaired normal breast tissues from another institute,
CCAT?2 expression did not vary significantly from the
levels measured in 977 BC clinical specimens, despite
it was significantly higher in the subgroup of tumors
with aggressive pathological features (18).

As concerns the functional correlations, the au-
thors found that increasing levels of ESR1 and PGR
associated significantly with decreasing levels of
CCAT2, while increasing levels of MYC (located on
8q24) were positively associated with CCAT2. Fur-
thermore, a strong inverse association of CCAT?2
expression with nodal status and hormone receptor
status was demonstrated (18). Regarding prognosis, it
was found that CCAT2 expression levels are informa-
tive only for patients with lymph node positive dis-
ease who have received adjuvant chemotherapy, and
it was shown that it downregulates chemo-sensitivity
to 5-fluorouracil in a rs6983267-independent manner

(18).

In 2015, Cai et al. performed a study on human
breast cancer specimens, cell lines and mice to better
investigate the molecular interactions of CCAT?2 and
the WNT signalling pathway in breast cancer (19). The
authors detected high expression levels of CCAT2 in
breast cancer tissues and breast cancer cell lines, and ev-
idenced that patients with high CCAT?2 expression had
a significantly poorer prognosis; the level of CCAT2
expression was correlated with overall survival rates.
Experimental suppression of CCAT2 decreased cell
proliferation and invasion iz vitro, and inhibited tumo-
rigenesis 7z vivo. The suppression of CCAT2 decreased
the levels of B-catenin both in the cytoplasm and nu-
cleus. CCAT2 knockdown reduced the expression of
CCND1 and MYC in the BC cells employed, and evi-
denced a synergic effect of si-CCAT2 and FH535 (a
WNT inhibitor) on WNT signalling activity (19).

Recent studies demonstrated that IncCCAT2 can
also interact with EZH2 and inhibit the expression of
p15 (20), and that its down regulation causes reduction
of the protein expression levels of TGF-B, Smad2 and
a-SMA in breast cancer cells (21). The pro-oncogenic
role of CCAT2 in vivo was further confirmed in the
latter studies.

Lung cancer

Levels of IncRNA CCAT?2 in lung cancer were
investigated by Qju et al. (22). The authors examined
paired non-small cell lung cancer (NSCLC) tissues and
adjacent normal tissues (23 cm away from tumor) from
57 patients who received surgical resection for prima-
ry NSCLC and found that CCAT?2 was significantly
overexpressed in neoplastic tissues compared with nor-
mal tissues, with an average up-regulation fold of 7.5.
It was also shown that over-expression of CCAT?2 was
significantly associated with the adenocarcinoma his-
totype. In addition, CCAT2 combined with CEA was
found to be able to predict lymph node metastasis. The
silencing of CCAT?2 led to inhibition of proliferation
and invasion in NSCLC cell lines, confirming the role
of CCAT?2 in promoting invasion. The authors con-
cluded that CCAT?2 is a lung adenocarcinoma-specific
IncRNA providing aggressive neoplastic capabilities
to NSCLC cells, which can represent a potential bio-
marker for lymph node metastasis (22).
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The overexpression of CCAT2 in NSCLC tissues
(neoplastic and adjacent non-neoplastic, 20 cases) and
cell lines (Pc-9, H358, H1975 and HBE) was con-
firmed also in a recent article published by Zhao et al
(23). Knock down of CCAT2 in NSCLC cells lim-
ited malignant growth and invasion, while artificial
overexpression of CCAT?2 led to opposite effects. In
addition, CCAT2 knockdown significantly decreased
the expression of POK erythroid myeloid ontogenic
factor (Pokemon), and induced the expression of the
p21 tumor suppressor. Furthermore, Pokemon over-
expression could reverse the decrease of cell viability
and cell invasion triggered by CCAT?2 silencing (23).
The authors, considering the numerous anti-neoplastic
activities of p21 (24), claimed that the oncogenic po-
tential of CCAT2 and Pokemon on NSCLC cells may
depend on their inhibitory role over p21 (Figure 1).

CCAT?2 was found to be overexpressed also in
small cell lung cancer (SCLC) (25). Its expression was
investigated in 15 pairs of primary SCLC samples, and
pair-matched adjacent normal lung specimens. In ad-
dition, loss-of-function studies of CCAT?2 in cell lines

I CCAT2

I Pokemon .

cell cycle arrest
DNA — repair
v >— DNA —replication
l MYC, STAT3, E2FI expression

p21 apoptosis
CELL VIABILITY
INVASION

Figure 1. CCAT2 overexpression enhances the expression of
Pokemon, which in turn supresses the expression of p21. The
latter participates in the regulation of numerous biological pro-
cesses, and its suppression leads to enhanced cell viability and
neoplastic invasion.

(DMS-53, H446 SCLC cell lines, and 16HHBE nor-
mal bronchial epithelial cell line) were carried out. The
results showed that CCAT2 expression is elevated in
SCLC tissues and cell lines, and correlates with poor
prognosis. Furthermore, knockdown of CCAT2 ex-
pression effectively suppressed SCLC cell growth and
metastasis iz vifro. These findings outline CCAT?2 as
an independent prognostic factor for SCLC patients,
and a critical regulator of SCLC cell growth and me-
tastasis (25).

Esophageal cancer

Two studies evaluating the expression levels and
roles of IncRNA CCAT2 in esophageal cancer have
been published to date. Zhang et al. evaluated CCAT2
levels in a series of surgically resected squamous cell
esophageal cancer and matched para-cancerous tis-
sues (26). They found that the tumours exhibit higher
CCAT?2 levels, positively correlated with advanced
TNM stage, presence of lymphatic metastasis, and
with the number of positive lymph nodes detected on
pathological examination. An increased copy number
of c-MYC correlated with increased levels of CCAT?2,
and the expression of CCAT?2 in the c-MYC ampli-
fication group was significantly higher than that in
¢-MYC non-amplification group. The mean survival
time was shorter in patients with high CCAT?2 expres-
sion and ¢c-MYC amplification; both CCAT?2 expres-
sion and ¢-MYC amplification were established as
independent prognostic factors by multivariate Cox
regression analysis (26).

Similarly, in the study of Wang et al., CCAT2 was
significantly overexpressed in squamous cell esophage-
al cancer tissues when compared with paired adjacent
normal esophageal tissues, with an average fold of 7.18
(27). Furthermore, CCAT2 was mostly upregulated in
KYSE410 cells, when normalized to a normal esopha-
geal epithelium cell line (HEEC). A statistical cor-
relation was found between CCAT?2 expression levels
and smoking status. Receiver operative curve (ROC)
and the area under curve (AUC) were used to assess
the diagnostic role of CCAT2, and it showed higher
diagnostic performance than conventional serum bio-
markers, such as alpha fetoprotein (AFP), CA153, and

neuron-specific enolase (NSE).
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Gastric cancer

Wang et al. investigated the biological behaviour
and prognostic role of IncRNA CCAT?2 in gastric can-
cer (GC) patients. The authors employed human gas-
tric cancer and adjacent non-tumor tissues obtained
from 85 surgical patients (28). The authors found that
the expression levels of IncRNA CCAT2 were sig-
nificantly higher in gastric cancer tissues than those
in adjacent non-tumor tissues, and were closely corre-
lated with higher incidence of lymph node and distant
metastases. Moreover, patients with high CCAT2 ex-
pression had shorter overall survival and progression-
free survival in multivariate analyses, indicating that
it represents an independent factor for poor outcomes
in gastric cancer patients (28). Similar results were re-
ported also by Wu et al. in a recent study which con-
firms the role of CCAT2 in promoting cell prolifera-
tion and invasion in gastric cancer (29).

In a study performed in GC tissues and adja-
cent normal samples from 108 surgically treated in-
dividuals, as well as in normal epithelial (GES-1) and
GC cell lines (SGC7901, MKN45, BGC-823 and
MKN-28), CCAT2 was confirmed significantly up-
regulated in tumours and higher CCAT?2 expression
was correlated with poor survival (30). Furthermore,
knockdown of CCAT?2 inhibited cell migration, inva-
sion and promoted epithelial-mesenchymal-transition
(EMT) by downregulating E-cadherin expression
and upregulating ZEB2, Vimentin and N-cadherin
levels. Moreover, it was found that CCAT?2 interacts
with EZH2, LSD1, and H3k27me3, which in turn
regulate E-cadherin and LATS2 expression (30). A
similar mechanism of epigenetic regulation of specific
genes from IncRNAs was described in an older article
published by Tsai et al.; the IncRNA HOTAIR was
found to serve as a scaffold for at least two distinct
histone modification complexes (31). A 5’ domain
of HOTAIR binds Polycomb Repressive Complex
2 (PRC2), while a 3’ domain binds to the LSD1/
CoREST/REST complex, enabling the assembly of
PRC2 and LSD1, and coordinating chromatin joined
histone H3 lysine 27 methylation and lysine 4 dem-
ethylation (31). These studies indicate the complexity
of the mechanisms of CCAT2-related oncogenesis in

GC (Figure 2).

IncRNA CCAT2
l‘\ EZH2,
H3k27me3,
ZEB2 LSD1

Epithelial-mesenchymal
transition.

Figure 2. CCAT2 promotes epithelial-mesenchymal-transition
(EMT) of gastric cancer cells by upregulating ZEB2 expression
and repressing E-cadherin levels. Moreover, CCAT? interacts
with EZH2, H3k27me3, and LSD1, which negatively regulate
E-cadherin and LATS2 expression, further promoting EMT.

Colorectal cancer

The discovery of IncRNA CCAT?2 comes from
experiments by Ling et al (15). The authors character-
ized CCAT?2 and found that the newly identified tran-
script is expressed at much higher levels in colorectal
tumor tissue than in the adjacent normal mucosa, and
confirmed that the transcription occurs in the genomic
sense orientation (15).

The authors described also an interesting model
of CCAT?2 locus involvement in CRC. In this model,
a DNA loop brings the rs6983267 genomic region
close to the c-MYC locus, and this physical associa-
tion may contribute to the enhancer function of the
SNP-containing region on c¢-MYC transcription.
The enhancer region is transcribed into CCAT?2, and
the SNP status affects CCAT?2 expression by an un-
known mechanism. The CCAT?2 transcript up-regu-
lates WNT activity and increases expression of WNT
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target genes (including ¢-MYC). This regulation by
CCAT?2 may lead to genomic instability and promote
cell growth. Furthermore, the authors showed that c-
MYC-regulated miR-17-5p and miR-20a participate
in the CCAT2-enhanced cell invasion, and speculate
that other mechanisms, such as c-MYC-related mech-
anisms or enhanced WNT signaling may coordinate
the metastatic phenotype elicited by CCAT?2. Finally,
it was demonstrated that CCAT2 expression is regu-
lated by the TCF7L2 transcriptional factor, indicating
a positive feedback loop between CCAT2 and WNT
signaling (15).

In a recent article, Kasagi et al. evaluated CCAT?2
expression in 149 CRC patients and its associations
with clinical and pathological characteristics, out-
comes, 156983267 genotypes, microsatellite status,
DNA ploidy, and BubR1 expression (32). They con-
firmed that CCAT?2 expression in cancer tissues was
significantly greater than in healthy tissues, especially
in metastases. The expression levels of the ncRNA and
16983267 were not associated with the clinico-patho-
logical features examined, they had not any prognostic
significance, and cases with high CCAT?2 expression
were stable regarding microsatellite behaviour (32).
Yu et al. observed that CCAT2 knockout negatively
regulates the in vivo expression of miR-145 in colon
cancer, impairing proliferation and differentiation. In
contrast, stable up-regulation of CCAT2 decreased
mature miR-145 (33). The authors also observed that
CCAT?2 is enriched in the nucleus and correlates with
the expression of pre-miR-145 and hypothesized a
novel pathogenic mechanism acting through selective
block of miR-145 maturation by CCAT2 inhibition of
pre-miR-145 export to cytoplasm.

Liver cancer

Zhou et al. and Xu et al. studied the involvement
of CCAT2 in hepatocellular carcinoma (HCC). They
observed that CCAT?2 is upregulated in HCC tissues
and human HCC cell lines (34, 35). Furthermore,
they found that the overexpression of CCAT?2 signifi-
cantly promoted cell migration and proliferation, and
inhibited apoptosis of HCC cells in vitro, confirming
the same pattern observed in other malignancies; the
suppression of CCAT?2 expression resulted in oppos-

ing effects (34, 35). Furthermore, CCAT?2 was shown
once again to promote EMT and HCC progression by
Snail2 induction (35).

Gliomas

To investigate the potential biological functions
of CCAT?2 in glioma, Guo et al. evaluated the CCAT?2
mRNA expression in paired glioma tissues and adjacent
normal tissues obtained from 134 patients with glioma.
The authors found that the expression of CCAT?2 is
significantly higher in glioma tissues than in adjacent
normal tissues, as well as in patients with advanced
TNM stage in comparison to those with earlier stages
(36). Additionally, the study of CCAT?2 in U87-MG
and U251 cells revealed that CCAT2 existed mainly
in the nucleus of glioma cells. Both proliferation and
colony formation assay revealed that silencing CCAT?2
expression significantly inhibits its pro-neoplastic ef-
fects in cells. Moreover, knockdown of CCAT2 re-
duced tumor growth in nude mice. Also in this case,
the authors showed that CCAT?2 knockdown inhibits
the transcriptional activity of WN'T/B-catenin signal-
ling pathway and the levels of downstream B-catenin
target genes (c-MYC, MMP-7 and Cyclin D1), both
at transcriptional and translational level (36). Thus,
it is tempting to speculate that the inhibitory effect
of decreased expression of CCAT?2 on the malignant
phenotype of glioma cells may be through a repression
of the WN'T/B-catenin signal pathway.

The results of Guo et al. regarding the expression
levels and the impact of CCAT2 in glioma cell prolif-
eration, migration and invasion were substantially con-
firmed by the findings of Zeng et al. (37). The authors
studied also the interactions between CCAT2 and the
expression of genes involved in the EMT in glioma
cells. Of note, they found that suppressing IncRNA
CCAT? expression increased the expression of epithe-
lial marker genes including E-cadherin and decreased
the expression of mesenchymal marker genes includ-
ing vimentin, N-cadherin, Twist, B-catenin, Snail.
These findings suggest that knockdown of IncRNA
CCAT?2 could inhibit the EMT process. These results
are consistent with those observed by Wang et al. in
gastric cancer and those of other authors, depicting a
combined mechanism which leads to EMT.
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Gynecological malignancies

Regarding  gynecological cancers, IncRNA
CCAT2 has been studied in ovarian and cervi-
cal cancers. CCAT2 was found to be upregulated in
both cancer types, and correlations between increas-
ing expression levels and higher stages and metastasis
were evidenced, as well as with poorer survival rates
(38, 39). As in other types of cancer, knockdown of
CCAT?2 had an antineoplastic effect in cells of both
ovarian and cervical cancers, in terms of cell prolifera-
tion, migration, invasion, and apoptosis (39, 40).

Urological malignancies

Zheng et al. employed human prostate cancer and
paired adjacent healthy tissues and cell lines to study
the implications of CCAT?2 in prostate cancer onset
and progression (41). The findings were very similar
to those from other cancer types: the expression level
of CCAT?2 was higher in neoplastic tissues and cells
compared to healthy tissues and normal WPMY- im-
mortalized cells. Survival analysis revealed that pa-
tients with high CCAT?2 expression had poorer overall
and progression-free survivals than those with lower
expression. Furthermore, multivariate analysis showed
that the status of CCAT?2 expression was an independ-
ent prognostic indicator for prostate cancer. Again,
knockdown of CCAT2 could inhibit cell growth, mi-
gration, and invasion in vitro and stimulated EMT
through abrogating N-cadherin, vimentin expression
and intensifying the expression levels of E-cadherin,
as observed in glioma cells (41).

CCAT?2 was found to be upregulated also in blad-
der cancer, and its suppression caused a decrease of cell
proliferation and migration as well as an induction of
apoptosis in bladder cancer cells (42).

In summary, the results of the studies mentioned
demonstrate the pro-oncogenic role of IncCCAT2 in
numerous human cancers, both in vitro and in vivo.
The main pathogenic networks involved include in-
teractions with MYC, Pokemon, p21, p15, WNT, and
other factors promoting the EMT. Therefore, IncC-
CAT?2 may have several potential clinical applications
as a biomarker of cancerogenesis and disease progres-
sion, as well as a pharmacological target and indicator
of response to treatments.

CCAT? as diagnostic and prognostic marker

CCAT?2 was found to be an independent diag-
nostic marker in several malignancies. For instance, its
value as a diagnostic marker was studied adequately
and showed higher diagnostic performance than con-
ventional serum biomarkers, like AFP, CA153, and
NSE in esophageal cancer (27). Fan et al. performed
recently a meta-analysis with the aim to clarify its
functions as a prognosis marker in human malignan-
cies (43). Six original studies were included with glob-
ally 725 cancer patients enrolled. The results outlined
that high CCAT2 expression is significantly correlated
with overall survival in cancer patients. A significant
association was observed between high CCAT?2 ex-
pression and poor progression-free survival in cancer
patients. Furthermore, CCAT2 expression was sig-
nificantly related to lymph node metastasis, distant
metastasis, and tumor stage. The meta-analysis dem-
onstrated that high CCAT?2 expression may serve as
a novel biomarker for poor prognosis and metastasis
in cancers. Similar results were found in two further

meta-analyses recently published (44,45).

Future perspectives

The discovery of CCAT2 and the mounting
knowledge on its implications in human cancer repre-
sent a potential opportunity for translational applica-
tions. Nevertheless, a lot has to be done to this purpose.
Firstly, it is necessary to confirm the oncogenic role of
this IncRNA in other cancers not yet studied. Then, it
is be useful to understand its clinical utility as s reliable
diagnostic and prognostic marker. It is also necessary to
determine if CCAT?2 can be isolated from the blood of
patients with cancer, to make its use as a disease marker
even easier, with no need of tissue biopsies for determi-
nation. Moreover, it is worthy to better elucidate the
functional interplay of CCAT?2 with components of the
WNT/b-catenin signalling pathway, p21, Pokemon,
and the EMT process in order to better understand its
role in cancer. Finally, it is crucial to explore the anti-
neoplastic effectiveness of inhibitors of CCAT2 for the
treatment of human malignancies.
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