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Abstract: Pituitary adenomas, arising from the pituitary gland cells, are one of the most frequent tumors found in 
the sella region. However, the molecular mechanisms involved in the carcinogenesis and progression of pituitary 
adenomas is still not understood in detail. Long noncoding RNA (lncRNA) colon cancer-associated transcript 2 
(CCAT2), a newly identified lncRNA, has been reported to be abnormally expressed in some cancers. In the present 
study, we found that CCAT2 was significantly upregulated in pituitary adenomas tissues. Elevated CCAT2 expression 
was correlated with poor prognosis in patients with pituitary adenomas. Moreover, CCAT2 expression was activated 
by E2F1. Loss-of-function and gain-of-function assays showed that CCAT2 positively regulated pituitary adenoma 
cell proliferation, migration, and invasion. Further investigation demonstrated that CCAT2 interacted with PTTG1, 
and promoted its stability. Furthermore, CCAT2 affected the expression of downstream genes regulated by PTTG1, 
including SOX2, DLK1, MMP2, and MMP13. Cumulatively, CCAT2 functions as an oncogene in pituitary adenomas 
and its overexpression contributes to pituitary adenoma carcinogenesis and progression.

Keywords: CCAT2, PTTG1, pituitary adenomas 

Introduction

The pituitary gland is the central mediator for 
peripheral endocrine homeostatic regulation 
via the secretion of tropic hormones such as 
thyroid stimulating hormone (TSH), growth hor-
mone (GH), follicle-stimulating hormone (FSH), 
and luteinizing hormone (LH) [1]. Human pitu-
itary adenomas are classified as clinically func-
tioning or non-functioning. Functioning tumors 
secrete excess anterior pituitary hormones, 
causing hormone-specific clinical syndromes. 
Clinically non-functioning adenomas (NFA) ac- 
count for more than 40% of all diagnosed pi- 
tuitary tumors, which cannot produce excess 
functional hormones [2]. Some pituitary adeno-
mas grow rapidly and cause the tumor mass 
effect i.e., the local compressive effect of large 
pituitary tumors on brain structures and cranial 
nerves. They can also invade downwards into 
the paranasal sinuses, laterally into the cavern-
ous sinuses, and upwards into the parenchyma 
of the brain [3]. Medical approaches that target 

the underlying defects of tumor development 
are not yet available. Furthermore, the molecu-
lar mechanisms involved in the carcinogenesis 
and progression of pituitary adenomas is still 
not understood in detail.

Long non-coding RNAs (lncRNAs) are RNA mol-
ecules whose transcripts are more than 200 nt 
in length [5]. They cannot encode proteins, but 
play important roles in regulating gene expres-
sion via epigenetic or post-transcriptional me- 
chanisms [6, 7]. Although little is known about 
their carcinogenic mechanisms, many lncRNAs 
have been found to be abnormally expressed  
in tumors and play crucial roles in various bio-
logical events such as cell cycle distribution, 
cell differentiation, and tumorigenesis [4]. The 
differential expression and dysregulation of 
lncRNAs is believed to be involved in carcino-
genesis and cancer progression, recurrence, 
and metastasis [5]. As a tumor suppressor 
gene, MEG3 is found to be downregulated in 
several types of cancers and its decreased 
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expression is significantly correlated with poor 
prognosis [6, 7]. The overexpression of MALAT1 
is also confirmed in many malignant cancers 
and its aberrant elevation is demonstrated to 
promote tumor progression [8]. In recent years, 
some reports demonstrated that pituitary ade-
nomas altered the expression profiles of lnc- 
RNAs [9]. Nevertheless, the clinical significan- 
ce, biological function, and mechanisms of lnc- 
RNAs in the pathogenesis of pituitary tumors 
remain largely unknown. Only a small number 
of lncRNAs in pituitary adenomas have been 
validated so far. 

lncRNA colon cancer-associated transcript 2 
(CCAT2), a newly identified lncRNA, has been 
reported to be abnormally expressed in colon 
and breast cancers [10, 11]. A previous study 
demonstrated that CCAT2 promoted breast 
cancer growth by regulating the WNT signaling 
pathway [11]. CCAT2 also facilitates growth via 
the upregulation of FOMX1 in hepatocellular 
carcinoma (HCC) [12]. To date, the functional 
roles of CCAT2 in pituitary adenomas remain 
unclear. In the present study, we found that 
CCAT2 promoted cell proliferation, migration, 
and invasion in pituitary adenomas cells. Me- 
chanistic investigation demonstrated that CC- 
AT2 was upregulated by E2F1, and interacted 
with PTTG1. Cumulatively, these results sug-
gest that CCAT2 exerts oncogenic properties in 
pituitary adenomas.

Materials and methods

Cell culture and tissue samples

The HP75 cell line was purchased from Cell 
Bank of Chinese Academy of Sciences. The 
cells were cultured in Dulbecco’s modified ea- 
gle’s medium (DMEM) (Gibco) containing 10% 
fetal bovine serum (FBS, Gibco) at 37°C in 5% 
CO2. The tumor tissues were obtained from 
Cangzhou Central Hospital. All patients had 
received definite diagnosis by imaging, sur- 
gery, and pathological examination. No treat-
ment has given to any patient before the sur-
gery. All of the patients were provided written 
informed consent. The use of human speci-
mens in this study was permitted by the local 
ethics committee at Cangzhou Central Hospital.

Overexpression or knockdown of CCAT2  

For knockdown assay, two shRNAs against CC- 
AT2 were designed. The target sequences of 
CCAT2 were provided as follow: sh1: 5’-GCC- 

AGAGTTAATACCCTCA-3’, sh2: 5’-CTTAGACTGG- 
GCTGTGTAT-3’. The target sequence of E2F1 
was provided as follow: shE2F1: 5’-GGACCA- 
CCTGATGAATATC-3’. shRNAs against target ge- 
nes were cloned into shRNA-expressing lentivi-
ral vector pLKO.1. Production of lentiviral parti-
cles was performed according to the standard 
protocols. Cells were transduced with lentiviral 
constructs for 24 hours with 5 μg/ml polybre- 
ne (Sigma). After 48 hours, stable cells were 
selected by using 1 μg/ml puromycin for 7 days.

For overexpression, full-length human CCAT2 
cDNA was cloned into lentiviral expressing vec-
tor pLV-puro. Production of lentiviral particles 
was performed according to the standard pro-
tocols. Cells were transfected with lentiviral 
constructs expressing empty vector or CCAT2 
for 24 hours with 5 μg/ml polybrene (Sigma). 
After 48 hours, stable cells were selected by 
using 1 μg/ml puromycin for 7 days. 

RNA isolation and real-time PCR (RT-PCR)

Total RNA was extracted using TRIzol Reagent 
(Invitrogen) according to the standard protocol. 
RNA was reverse-transcribed using a High Ca- 
pacity RNA-to-cDNA Kit (Applied Biosystems) 
according to the manufacturer’s instructions. 
cDNA was quantified by RT-PCR using an ABI 
7500 detection System (Applied Biosystems). 
RT-PCR was performed using SYBR Green mix-
ture reagents (Roche). GAPDH was used as an 
internal control. Primers used for RT-RCR are 
listed as follow: GAPDH-F: GAAGTCCAAGAAC- 
CACATCCA, GAPDH-R: GCAGCTGCGTAGTACAG- 
ATATT; CCAT2-F: GGTGCTCCAGGCAATAACT, CC- 
AT2-R: CTTCCTACAGGCCCAAACAT.

Cell proliferation assay

3 × 103 cells per well were seeded in the 96-well 
plate and incubated for different time point, 
respectively. Cell proliferation was measured 
with a Cell Counting Kit-8 (CCK-8) (Dojindo) fol-
lowing the manufacturer’s instructions. Absor- 
bance was measured at 450 nm using Elx800 
Reader (Bio-Tek Instruments, VT, USA).

Cell cycle assay

The cell cycle was analyzed using an in situ cell 
proliferation kit (Roche) according to the manu-
facturer’s instruction. The cell cycle distribution 
was analyzed by flow cytometry. The data were 
analyzed by FlowJo software (Tree Star).
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Apoptosis assay

Cells were stained with fluorescein isothiocya-
nate-conjugated Annexin V and 7-AAD (Apop- 
tosis Detection Kit, KeyGEN, Nanjing, China) 
according to the manufacturer’s instruction. 
Cells were analyzed with flow cytometer, and 
the data were studied using FlowJo software 
(Tree Star).

Western blot

The cells were lysed with RIPA buffer (Beyotime 
Biothechnology, Beijing, China). Protein lysates 
were separated by SDS-PAGE and then trans-
ferred onto PVDF membranes. The membranes 
were blocked and incubated with anti-PTTG1 
(Abcam) and GAPDH antibody (Proteintech) at 
4°C overnight. The membranes were incuba- 
ted with HRP-conjugated anti-rabbit or -mouse 
secondary antibody. Signal was detected by  
an ECL system (Amersham Pharmacia, Pisca- 
taway, NJ).

Cell migration and invasion assay 

Cells growing in the log phase were treated with 
trypsin and resuspended as a single-cell solu-
tion. A total of 1 × 105 cells in 0.2 mL serum-
free DMEM were seeded on an 8-µm pore poly-
carbonate membrane Boyden chamber insert 
in a transwell apparatus (Costar, Cambridge, 
MA, USA), either coated with or without Matrigel 
(BD Biosciences, San Jose, CA, USA). DMEM 
containing 20% FBS was added to the lower 
chamber. After the cells were incubated for 24 
h, cells on the top surface of the insert were 

according to the manufacturer’s instructions. 
The chromatin was immunoprecipitated using 
anti-E2F1 (Abcam) antibody. Normal rabbit im- 
munoglobulin G (IgG) was used as a negative 
control. Primers for CCAT2 promoter regions 
are listed followed: F: GTGTGGACATAGAAGGCA- 
GATAC, R: GTGGTTGGTTTGAAAGGAAGTG.

RNA immunoprecipitation (RIP)

RIP assays were performed as previously de- 
scribed [13]. Cells were subjected to a RIP 
assay by using 5 μg PTTG1 antibody (Abcam) or 
negative control IgG using RNA Immunopreci- 
pitation Kit (Millipore) according to the manu-
facturer’s instructions.

RNA pull-down and mass spectrometry assay

RNA pull-down was performed as previously 
described [14]. In vitro biotin-labeled RNAs 
(CCAT2 and antisense CCAT2) were transcrib- 
ed with the biotin RNA labeling mix (Roche)  
and T7 RNA polymerase (Roche) treated with 
RNase-free DNase I (Promega) and purified 
with RNeasy Mini Kit (QIAGEN). Biotinylated 
RNA was incubated with nuclear extracts of 
breast cancer cells, and pull-down proteins 
were run on SDS-PAGE gels. Mass spectrome-
try followed.

Statistical analysis

The Student’s t test (two-tailed), one-way analy-
sis of variance, and the Mann-Whitney U test 
were conducted to analyze the in vitro and in 

Figure 1. Elevated CCAT2 expression predicts poor prognosis of patients with 
pituitary adenomas. A. The CCAT2 expression levels in pituitary adenomas 
tissues and corresponding normal tissues from 74 patients were examined 
by RT-PCR. B. Kaplan-Meier survival curve and log-rank test were used to 
evaluate the association of CCAT2 expression with overall survival rate. Pa-
tients were segregated into CCAT2-high group and CCAT2-low according to 
the median of CCAT2 expression in pituitary adenomas tissues.

removed by wiping with a cot-
ton swab. Cells that migrated 
to the bottom surface of the 
insert were fixed in 100% me- 
thanol for 10 min, stained in 
0.5% crystal violet for 10 min 
and then subjected to micro-
scopic inspection. Values for 
invasion and migration were 
obtained by counting ten fie- 
lds per membrane and repre-
senting the average of three 
independent experiments.

Chromatin immnoprecipita-
tion (ChIP)

ChIP was performed using the 
EZ ChIPTM Chromatin Immu- 
noprecipitation Kit (Millipore), 
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vivo data by SPSS 17.0 software (IBM). P values 
less than 0.05 were considered significant. 

Results

Elevated CCAT2 expression predicts poor prog-
nosis in patients with pituitary adenomas

We performed RT-PCR to determine the differ-
ential expression of CCAT2 in pituitary adeno-
ma tissues and the corresponding normal tis-
sues from 74 patient samples. As shown in 
Figure 1A, CCAT2 expression levels were sig-
nificantly higher in the pituitary adenoma pa- 
tient samples than in normal pituitary tissues. 

Next, we used the Kaplan-Meier survival analy-
sis to examine the correlation between CCAT2 
expression and the prognosis of patients with 
pituitary adenoma (Figure 1B). The results sh- 
owed that patients with higher CCAT2 levels 
exhibited shorter overall survival time than 
those with lower CCAT2 levels. These findings 
suggest that elevated CCAT2 may exert an 
oncogenic function in pituitary adenomas.

E2F1 activates CCAT2 transcription

Although lncRNA dysregulation has been re- 
ported in various cancers, the regulators invol- 
ved in the dysregulation of these molecules  
are not properly understood. Using the JASPAR 
online database, we chose to analyze the tran-
scription factor E2F1, which was predicted to 
bind to the CCAT2 promoter region with high 
scores. We transfected HP75 cells with shRNA 
targeting E2F1. Interestingly, we found that 
E2F1 knockdown significantly inhibited CCAT2 
expression (Figure 2A). Moreover, we designed 

a primer that covered the E2F1 binding site  
and performed ChIP assays followed by RT-PCR 
to validate the ability of E2F1 to bind to this 
site. We found that E2F1 bound to this site, and 
that E2F1 knockdown suppressed its binding 
levels (Figure 2B). Next, we constructed lucifer-
ase reporter plasmids containing the CCAT2 
promoter region with wild-type or mutant E2F1 
binding sites. Dual luciferase reporter assays 
showed that E2F1 increased the luciferase 
activity of the wild-type CCAT2 promoter, but 
had no effect on the CCAT2 promoter with the 
mutant E2F1 binding site (Figure 2C). These 
findings indicate that some transcription fac-
tors can contribute to human cancer develop-
ment and progression not only by affecting the 
expression of the protein coding genes, but 
also by regulating noncoding genes, such as 
lncRNA transcription.

CCAT2 enhances cell proliferation, induces cell 
cycle progression, and inhibits cell apoptosis 
in pituitary adenoma cells

To determine the functional role of CCAT2 in 
pituitary adenomas, we introduced stable CC- 
AT2 knockdown in HP75 cells via two different 
shRNA-expressing lentiviral particles. The RT- 
PCR results indicated that the CCAT2 expres-
sion was suppressed by both, sh1 and sh2 
(Figure 3A). We found that the cell prolifera- 
tion of HP75 cells with CCAT2 knockdown was 
significantly decreased when compared to the 
control cells using CCK-8 assays (Figure 3B). In 
contrast, we generated HP75 cells that overex-
pressed CCAT2 (Figure 3C). Overexpression of 
CCAT2 significantly enhanced cell proliferation 
(Figure 3D). 

Figure 2. E2F1 activates CCAT2 transcription. A. The relative expression level of CCAT2 in control and E2F1-silencing 
cells was detected by RT-PCR. B. The binding of E2F1 and CCAT2 promoter was detected by ChIP assay. C. Luciferase 
assays of the cells indicated that were transfected with pGL3, pGL3-CCAT2, or pGL3-CCAT2-mut vectors, the E2F1 
vector, or an empty vector. Error bars indicate mean ± standard errors of the mean. *P < 0.05.
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To gain insight into the mechanism by which 
CCAT2 regulated cell proliferation, we perform- 
ed flow cytometry to analyze the effect of CC- 
AT2 on cell cycle and apoptosis. We found that 
significant G1/S arrest was observed in CCAT2-
silenced cells (Figure 3E), whereas CCAT2 over-
expression demonstrated the opposite effect 
(Figure 3F). Moreover, apoptotic analyses sh- 
owed that CCAT2-knockdown HP75 cells had  
a significantly higher percentage of Annexin 
V-positive cells when compared to the control 

cells (Figure 3G), whereas protective effects 
were observed in CCAT2-overexpressing HP75 
cells (Figure 3H). Collectively, the data strongly 
suggested that CCAT2 promoted cell prolifera-
tion by facilitating cell cycle progression and 
inhibiting cell apoptosis.

CCAT2 promotes the migration and invasion of 
pituitary adenoma cells

To evaluate whether CCAT2 contributed to the 
progression of pituitary adenomas, we exam-

Figure 3. CCAT2 enhances cell proliferation, induced cell cycle progression and inhibits cell apoptosis in pituitary ad-
enomas cells. A. The relative expression of CCAT2 in control and CCAT2-knockdown cells was detected by RT-PCR. B. 
Growth curves for HP75 cells after transfection with CCAT2 shRNA or the negative control were determined by CCK-8 
assays. C. The relative expression of CCAT2 in control and CCAT2-overexpressing cells was detected by RT-PCR. D. 
Growth curves for HP75 cells after transfection with CCAT2 or empty vector were determined by CCK-8 assays. E. 
Cells in S-phase population were significantly decreased when CCAT2 was silenced in HP75 cells. F. FACS analysis 
showing significant increases or decreases of cells in S- or G-1 phase, respectively, in HP75 cells overexpressing 
CCAT2. G. Cells with silenced CCAT2 expression were stained with a combination of annexin V and 7-AAD and ana-
lyzed by FACS. Cells positive for annexin V staining were counted as apoptotic cells, and the percentage of apoptotic 
cells is shown. H. Cells with CCAT2 overexpression were stained with a combination of annexin V and 7-AAD and 
analyzed by FACS. Error bars indicate mean ± standard errors of the mean. *P < 0.05.
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ined the effect of CCAT2 on the migration and 
invasive behavior of pituitary adenoma cells. 
Using a transwell assay, we found that the 
migration and invasive ability of the pituitary 
adenoma cells was dramatically inhibited fol-
lowing shRNA-mediated suppression of CCAT2 
(Figure 4A). Conversely, CCAT2 overexpression 
increased the migration and invasive ability of 
the pituitary adenoma cells (Figure 4B). Collec- 
tively, the data suggests that CCAT2 plays a 
crucial role in pituitary adenoma progression. 

ly indicated that CCAT2 influenced the degra- 
dation of PTTG1. To further confirm this regula-
tion, control and CCAT2-silenced HP75 cells 
were treated with the protein synthesis inhibi-
tor, cycloheximide (CHX). We found that the 
half-life of PTTG1 was much shorter in CCAT2 
knockdown cells than in control cells (Figure 
6C). In contrast, CCAT2 upregulation signifi-
cantly elongated the half-life of PTTG1 (Figure 
6D). When MG132 (an inhibitor of proteasome 
degradation) was used, the PTTG1 protein level 

Figure 4. CCAT2 promotes the migration and invasion of pituitary adenomas 
cells. A. The migration and invasive ability after knockdown of CCAT2 in HP75 
cells was assessed using transwell assays. B. The migration and invasive 
ability after CCAT2 overexpressing in HP75 cells was assessed using tran-
swell assays. Error bars indicate mean ± standard errors of the mean. *P < 
0.05.

Figure 5. CCAT2 interacts with PTTG1. A. The interaction between CCAT2 and 
PTTG1 was detected by RIP assay. B. Deletion mapping of PTTG1-binding 
domain in CCAT2. (Up) The schematic diagram of full-length and deleted frag-
ments of CCAT2; (Down) western blot of PTTG1 in protein samples pulled 
down by different CCAT2 fragments. Error bars indicate mean ± standard 
errors of the mean. *P < 0.05.

CCAT2 interacts with PTTG1

lncRNAs are considered to 
exert their functions through 
RNA-interacting proteins via 
various mechanisms. There- 
fore, we performed an RNA 
pull-down assay with biotin-
labeled CCAT2, followed by 
mass spectrometry to sear- 
ch for potential CCAT2-asso- 
ciated proteins. The pituitary 
tumor transforming gene (PT- 
TG1) was identified to poten-
tially interact with CCAT2 in 
pituitary adenoma cells. Next, 
we performed the RIP assay 
and confirmed that CCAT2 
directly bound to PTTG1 in 
HP75 cells (Figure 5A). More- 
over, we constructed a series 
of CCAT2 truncations to map 
its binding fragment with PT- 
TG1. We found that the 5’- 
end fragment of CCAT2 (0- 
600 nt, 1752 nt) was essen-
tial for binding PTTG1 (Figure 
5B). These results demonstr- 
ate a direct interaction betw- 
een CCAT2 and PTTG1.

CCAT2 suppresses the degra-
dation of PTTG1

Next, we explored the func-
tional relationship between 
CCAT2 and PTTG1. Silencing 
CCAT2 significantly inhibited 
the PTTG1 protein level, but 
had no influence on its mRNA 
level (Figure 6A). Conversely, 
overexpressing CCAT2 incre- 
ased the PTTG1 protein level, 
but not the mRNA level (Fig- 
ure 6B). These results strong-
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in CCAT2-knockdown HP75 cells was markedly 
upregulated and reached a level that was com-

sion of CCAT2 increased the expression of 
SOX2, DLK1, MMP2, and MMP13, whereas 

Figure 6. CCAT2 suppresses the degradation of PTTG1. A. The effect of CCAT2 knockdown on PTTG1 mRNA (left) 
and protein (right) level was determined by RT-PCR and western blot, respectively. B. The effect of CCAT2 overex-
pression on PTTG1 mRNA (left) and protein (right) level was determined by RT-PCR and western blot, respectively. C. 
Quantification of PTTG1 protein levels in control and CCAT2 knockdown cells treated with CHX. D. Quantification of 
PTTG1 protein levels of PTTG1 in control and CCAT2 overexpressing cells treated with CHX. E. Western blot of PTTG1 
expression in control and CCAT2 knockdown cells treated with vehicle control or MG132. Error bars indicate mean 
± standard errors of the mean. *P < 0.05.

Figure 7. CCAT2 affects the expression of downstream genes regulated by 
PTTG1. A. RT-PCR of Sox2, DLK1, MMP2 and MMP13 in cells expressing 
control and CCAT2 with or without PTTG1 shRNA. B. RT-PCR of Sox2, DLK1, 
MMP2 and MMP13 in cells expressing control and CCAT2 shRNA with or 
without PTTG1. Error bars indicate mean ± standard errors of the mean. *P 
< 0.05.

parable to that in control  
cells (Figure 6E). These re- 
sults suggest that CCAT2 is 
important for the stability of 
the PTTG1 protein.

CCAT2 affects the expression 
of downstream genes regu-
lated by PTTG1

The genes modulated by PT- 
TG1 includes SOX2 [15], DL- 
K1 [16], MMP2 [17], and MM- 
P13 [18]. We hypothesized 
that CCAT2 probably regulat-
ed the expression of these 
genes through PTTG1. As sh- 
own in Figure 7A, overexpres-
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knockdown of PTTG1 abolished the upregula-
tion of these genes. Moreover, SOX2, DLK1, 
MMP2, and MMP13 mRNA expression was in- 
hibited by CCAT2 silencing, and this suppres-
sion was rescued once PTTG1 was restored 
(Figure 7B). Our results suggest that CCAT2 
affects the expression of PTTG1-regulated 
genes.

PTTG1 is crucial for CCAT2-mediated onco-
genic properties

Next, we performed rescue experiments to de- 
termine the role of PTTG1 in CCAT2-mediated 
malignant phenotypes of pituitary adenoma 
cells. PTTG1 shRNA was transfected into HP75 
cells overexpressing CCAT2. The cellular func-
tion assay showed that the enhanced cell pro- 
liferation, migration, and invasion induced by 
CCAT2 were abrogated by PTTG1 knockdown  
in HP75 cells (Figure 8A and 8B). Overall, we 
concluded that PTTG1 is crucial for CCAT2-
mediated oncogenic properties.

Discussion

lncRNAs play crucial roles in certain types  
of cancer progression. However, the biological 
functions and mechanisms of most lncRNAs  
in human pituitary adenomas still remain un- 
clear. Here, we found that CCAT2 was signifi-
cantly upregulated in pituitary adenoma tis-
sues. Increased CCAT2 expression was associ-
ated with a poor prognosis in patients with  
pituitary adenomas. Through loss-of-function 
and gain-of-function assays, we showed that 
CCAT2 played a crucial role in pituitary adeno-
ma cell proliferation, migration, and invasion. 

Knockdown of CCAT2 significantly decreased 
pituitary adenoma cell proliferation, induced 
cell cycle arrest and apoptosis, and inhibited 
migration and invasion, whereas overexpres-
sion of CCAT2 had the opposite effects. These 
findings suggest that CCAT2 functions as an 
oncogene in pituitary adenomas and its overex-
pression contributes to pituitary adenoma car-
cinogenesis and progression.

CCAT2, a lncRNA that spans the highly con-
served 8q24 region harboring the rs6983267 
SNP, was first discovered by Ling et al [19]. It 
induced chromosomal instability and metas- 
tases partly through the MYC and WNT signal-
ing pathways [19], and reprogrammed energy 
metabolism in an allele-specific manner by 
interacting with the Cleavage Factor I (CFIm) 
complex in order to regulate alternative splicing 
of glutaminase [20]. A recent study demon-
strated a positive feedback loop between CC- 
AT2 and FOXM1, which played crucial roles  
in tumorigenesis of hepatocellular carcinoma 
[12]. The results suggested that the abnormal 
expression of CCAT2 potentially contributed to 
a highly malignant degree of cancer. However, 
the mechanisms by which CCAT2 exerts its 
oncogenic function on pituitary adenoma cells 
still remain elusive. Furthermore, we identified 
PTTG1 as a potential interacting protein of 
CCAT2 via RNA pull-down assays followed by 
mass spectrum analysis. 

PTTG1, also known as securin, is a crucial com-
ponent of the spindle checkpoint that controls 
faithful chromatid separation. It has also been 
identified as a proto-oncogene [21]. The PTTG1 
protein is found at low levels in most normal 

Figure 8. PTTG1 is crucial for CCAT2-mediated oncogenic properties. A. Downregulation of PTTG1 abolished the pro-
liferation increased by CCAT2 overexpression. B. Downregulation of PTTG1 attenuated the migration and invasion 
induced by CCAT2 overexpression. Error bars indicate mean ± standard errors of the mean. *P < 0.05.
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adult tissues [3], but is upregulated in various 
tumors such as pituitary [22], lung [23], colorec-
tal [24], and liver cancers [25]. PTTG1 plays a 
vital role in tumorigenesis. It also contributes to 
angiogenesis by transactivating the fibroblast 
growth factor 2 (FGF-2) and vascular endothe-
lial growth factor (VEGF) via the Src homology 3 
(SH3)-interacting domain [26]. As a transcrip-
tional regulatory factor, PTTG1 exerts its tran-
scriptional activity either by directly binding to 
DNA or by interacting with proteins [27], and is 
regulated by miRNAs and other transcriptional 
activators [28, 29]. However, the upstream reg-
ulatory mechanisms of PTTG1 in pituitary ade-
nomas are still unclear. In the present study, we 
revealed a novel post-translational method by 
which CCAT2 regulated PTTG1. RIP and RNA 
pull-down assays demonstrated a direct inter-
action between CCAT2 and PTTG1. CCAT2 did 
not influence the PTTG1 mRNA level, but signifi-
cantly increased the PTTG1 protein level, sug-
gesting that CCAT2 influenced the stability of 
PTTG1. CCAT2 and PTTG1 interaction could be 
used as a potential target for pituitary adeno-
ma therapy. Moreover, our results also showed 
that CCAT2 affected the expression of down-
stream genes regulated by PTTG1 such as 
SOX2, DLK1, MMP2, and MMP13.

The regulators responsible for the abnormal 
expression of lncRNA in different cancers are 
still not thoroughly elucidated. Recently, emerg-
ing evidence has demonstrated that lncRNA 
expression can be regulated in a manner simi-
lar to protein coding genes. For example, epi-
genetic regulation modulates the expression of 
lncRNA SPRY4-IT1 and MEG3 via histone modi-
fication and DNA methylation respectively in 
lung cancer [30, 31], and the transcription fac-
tor E2F1 activates ANRIL expression [32]. In 
the current study, we found that CCAT2 expres-
sion could also be activated by E2F1 after it 
bound to its promoter region. These results 
indicated that the unique lncRNA expression 
pattern found in different cancers may be as- 
sociated with the regulation of different regu- 
lators.

In summary, these results demonstrate that 
CCAT2 overexpression plays an important role 
in human pituitary adenoma development and 
progression by promoting pituitary adenoma 
cell proliferation, migration, and invasion de- 
pending on the regulation of PTTG1 expression, 
which occurs after CCAT2 interacts with PTTG1 

and suppresses its degradation. Additionally, 
CCAT2 overexpression in human pituitary ade-
noma cells occurs partly due to the transcrip-
tion factor E2F1 binding to its promoter region 
and promoting transcription. Our findings fur-
ther the understanding of pituitary adenoma 
pathogenesis and facilitate the development  
of therapeutics against this disease.
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