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Progression by Activation of NOTCH1 Pathway
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Long noncoding RNA CCAL has been reported to promote tumor progression in various human cancers, 
including hepatocellular carcinoma, osteosarcoma, and colorectal cancer. However, the role of CCAL in papil-
lary thyroid cancer remains largely unknown. In the present study, we found that the expression of CCAL was 
upregulated in papillary thyroid tumor tissues compared to adjacent normal tissues. Moreover, the expression 
of CCAL was positively related with papillary thyroid cancer severity and TNM stage and predicated poor 
prognosis. Besides, we found that knockdown of CCAL significantly inhibited papillary thyroid cancer cell 
proliferation, migration, and invasion in vitro and reduced tumor growth and metastasis in vivo. We found that 
knockdown of CCAL dramatically decreased the expression of NOTCH1 and suppressed the activation of the 
NOTCH1 signaling pathway. Furthermore, overexpression of NOTCH1 rescued the proliferation, migration, 
and invasion in papillary thyroid cancer cells. Taken together, our data indicated that CCAL promoted papillary 
thyroid cancer development and progression by activation of the NOTCH1 pathway, which provided a new 
insight on the design of therapeutic targets.
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INTRODUCTION

Thyroid cancer is one of the most malignant and prev-
alent endocrine tumors around the world1. In recent years, 
the incidence of thyroid cancer has been rapidly increas-
ing2. Nearly 80% of thyroid tumors are papillary thyroid 
carcinomas (PTCs)3. For the treatment of PTC, surgical 
resection combined with radioiodine and levothyroxine 
treatment is the main method4. Although most patients 
with PTC displayed a relatively good prognosis after sur-
gical treatment, there are still many PTC-induced deaths 
every year worldwide. Until now, there have been no 
effective diagnostic biomarkers and therapeutic targets 
for PTC. Therefore, it is quite necessary to discover the 
molecular mechanisms in PTC for the development of 
novel therapies.

Long noncoding RNAs (lncRNAs) are a class of tran-
scripts with a length longer than 200 nucleotides5. Many 
reports show that lncRNAs have no protein-coding poten-
tial6. Increasing evidence demonstrates that lncRNAs 
exerted very important functions in various biological pro-
cesses, including cell development, immune regulation,  

and especially tumorigenesis7–9. More and more reports 
indicate that dysregulation of lncRNAs was closely 
related to tumor development and progression in various 
cancers10,11. lncRNAs could regulate cellular proliferation, 
apoptosis, migration, and invasion in human cancers12,13. 
For instance, overexpression of lncRNA small nucleolar 
RNA host gene 6 (SNHG6) is related to poor prognosis 
in gastric cancer and enhances the proliferation and epi-
thelial–mesenchymal transition (EMT) of tumor cells14. 
lncRNA maternally expressed gene 3 (MEG3) could pro-
mote cisplatin-induced apoptosis in human glioma cells15. 
Some lncRNAs, such as metastasis-associated lung ade-
nocarcinoma transcript 1 (MALAT1), HIT000218960, 
and homeobox C transcript antisense intergenic RNA 
(HOTAIR), are reported to be involved in the progression 
of thyroid cancer16–18. However, most lncRNAs are wait-
ing for identification, and their roles need to be investi-
gated in thyroid cancer.

Previous studies indicate that colorectal cancer- 
associated lncRNA (CCAL) serves as an oncogene in 
hepatocellular carcinoma (HCC), osteosarcoma (OS), 
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and colorectal cancer (CRC)19–21. However, whether 
CCAL plays a role in PTC remains to be explored. In 
our study, we found that CCAL was upregulated in PTC  
tissues compared with adjacent normal tissues. Fur-
thermore, we found that overexpression of CCAL pre-
dicted PTC malignance, high TNM stage, and poor 
prognosis. Knockdown of CCAL significantly inhibited 
PTC cell proliferation, migration, and invasion in vitro 
and in vivo. To identify the mechanism of action, we 
found that knockdown of CCAL remarkably suppressed 
the expression of NOTCH1 and activation of NOTCH1 
signaling pathway. Overexpression of NOTCH1 rescued 
the proliferation, migration, and invasion of PTC cells. 
Our study demonstrated that CCAL promoted PTC pro-
gression by activation of the NOTCH1 pathway.

MATERIALS AND METHODS

Patient Samples

Fifty-two PTC tissue specimens were obtained from 
the Shanghai University of Traditional Chinese Medicine 
(Shanghai, P.R. China). No patients received radiation  
therapy or chemotherapy prior to surgery. Tissue sam-
ples were classified according to the World Health 
Organization criteria and stored in liquid nitrogen or 
at −80°C. This study was approved by the Institutional 
Review Board of Shanghai University of Traditional 
Chinese Medicine. Written informed consent was obtai-
ned from all participating patients.

Cell Lines and Cell Culture

Human thyroid cancer epithelium cell lines (BCPAP, 
FTC133, 8505C, TPC-1, and HTH-83) and a normal 
human thyroid epithelium cell line (TEC) were com-
mercially purchased from the American Type Culture 
Collection (ATCC, Manassas, VA, USA). Cells were 
cultured in RPMI-1640 medium (Sigma-Aldrich; Merck 
KGaA, Darmstadt, Germany) supplemented with 10% 
fetal bovine serum (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) at 37°C in a humidified atmosphere 
with 5% CO2.

Reverse Transcription Quantitative Polymerase  
Chain Reaction (RT-qPCR)

Total RNA was extracted from tissue samples and 
cells using TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer’s protocol. 
Total RNA was reverse transcribed into cDNA using the 
PrimeScript™ RT reagent kit with gDNA Eraser (Takara 
Biotechnology Co., Ltd., Dalian, P.R. China). RT reaction 
mixtures contained 1 mg of total RNA, 1 ml of RT Enzyme 
Mix 1, 1 ml of RT Primer Mix, 4 ml of 5´ PrimeScript 
Buffer 2, and 4 ml of ddH2O. The temperature protocol was 
37°C for 15 min and 85°C for 5 s. qPCR was performed 
on cDNA using the QuantiFast SYBR-Green PCR kit 

(Qiagen GmbH, Hilden, Germany) on a StepOnePlus™ 
Real-Time PCR System (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). PCR mixtures contained 10 ml of 
2´ PCR Master Mix, 4 ml of sense and antisense primers, 
2 ml of cDNA, and 4 ml of ddH2O. The specificity of each 
PCR was confirmed using a melting curve analysis. PCR 
primers were synthesized by Invitrogen, Thermo Fisher 
Scientific, Inc. The results were normalized to the expres-
sion of GAPDH. All samples were assessed in triplicate.

siRNA-Mediated Interference

Small interfering RNAs (siRNAs) against CCAL con-
sisting of three target-specific siRNAs were designed 
and synthesized by Shanghai GenePharma Co., Ltd. 
(Shanghai, P.R. China). BCPAP and TPC-1 cells at a den-
sity of 3 ́  105 cells/ml were seeded into six-well plates 
and transfected with siRNAs using Lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) as the trans-
fection reagent, according to the manufacturer’s proto-
col. After 48 h of transfection, cells were harvested for 
RT-qPCR to verify the silencing of CCAL expression.

In Vivo Tumor Growth and Metastasis Assays

For tumor growth assay, 6-week-old male mice with 
severe combined immune deficiency (SCID; Institute  
of Zoology, Chinese Academy of Sciences, Beijing, P.R. 
China) received subcutaneous injections of 1 ́  106 cells 
infected with siCCAL or control (n = 6 mice/group). At 
1, 3, 5, and 7 weeks after inoculation, tumor volume was 
monitored and calculated. All mice were sacrificed by 
euthanasia at 7 weeks postinoculation, and the tumors 
were removed. For tumor metastasis assay, 6-week-
old male SCID mice were injected with 1 ́  106 cells 
infected with siCCAL or control through the tail vein 
(n = 6 mice/group). The mice were sacrificed by eutha-
nasia at 8 weeks postinoculation. Anatomized mice were 
examined for metastasis in the lung. Animal experiments 
were performed in accordance with relevant guidelines 
and regulations of the Institutional Animal Care and 
Use Committees at Shanghai University of Traditional 
Chinese Medicine, and protocols were approved by 
the Institutional Animal Care and Use Committees at  
Shanghai University of Traditional Chinese Medicine.

Western Blot

Protein was extracted by cell lysis using RIPA 
(Beyotime, P.R. China) containing protease inhibitors 
(Beyotime). Protein lysates were separated in 10% SDS-
PAGE and transferred onto PVDF membrane (Millipore, 
USA). The membranes were blocked by 5% milk in TBST 
buffer and incubated with primary antibodies overnight at 
4°C. PVDF membranes were washed in TBST and incu-
bated with horseradish peroxidase-conjugated second-
ary antibodies (ProteinTech Group, USA). Proteins were 
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visualized using ECL Western blotting substrate (Pierce, 
Rockford, IL, USA).

ChIP Assay

ChIP assay was performed according to a previous 
study22. In brief, cells were treated with 1% formalde-
hyde for 10  min for cross-linking, crashed with SDS lysis 
buffer, and followed by ultrasonication. Standard ChIP 
assay was performed using H3K4me3 antibody. Enriched  
DNA fragments were eluted and analyzed by qRT-PCR.

Cellular Proliferation Assays

Cells were seeded into 96-well plates at a density of 
1 ́  103 cells/well. After 24, 48, and 72 h of incubation at 
37°C, cellular viability was evaluated using a cell counting 
kit-8 (CCK-8) assay (Dojindo Molecular Technologies, 
Inc., Kumamoto, Japan) according to the manufactur-
er’s protocol. The absorbance was measured at a wave-
length of 450 nm using a Multiskan™ GO Microplate 
Spectrophotometer (Thermo Fisher Scientific, Inc.).

A colony formation assay was also performed. Cells 
were seeded into six-well plates and cultured at 37°C with 
5% CO2 for 14 days. Colonies were fixed with methanol 
at room temperature for 20 min and stained with 0.1% 
crystal violet (Sigma-Aldrich; Merck KGaA). The total 
number of visible colonies was determined under an opti-
cal microscope (Olympus Corporation, Tokyo, Japan). 
All experiments were repeated three times.

Cellular Migration and Invasion Assays

Cellular migration was assessed using 6.5-mm Trans-
well inserts with 8.0-mm-pore polycarbonate membranes 
(Costar; Corning Incorporated, Corning, NY, USA). A 
cell migration or invasion (coated with Matrigel) assay 
was performed using the Transwell inserts. Briefly, 2 ́  105 
transfected and nontransfected cells were suspended and 
seeded into the upper chambers of the inserts. Medium 
supplemented with 10% FBS was added into the lower 
chambers as a chemoattractant. Following 24 h of incu-
bation at 37°C, cells on the upper surface of the mem-
brane were removed; cells that had migrated to the lower 
membrane were fixed with 100% methanol at room tem-
perature for 20 min and stained with crystal violet. Cells 
were observed using an optical microscope (Olympus 
Corporation). Cells were counted in five random fields 
from each well, and the average number of migrated or 
invaded cells was calculated. The assays were performed 
in triplicate.

Statistical Analysis

The statistical significance of the differences between 
groups was assessed using Student’s t-test for pairwise 
comparisons or one-way analysis of variance followed 
by Fisher’s least significant difference post hoc test for 

multiple comparisons. A value of p < 0.05 was consid-
ered to indicate a statistically significant difference. 
Data are expressed as the mean ± standard deviation 
of three independent experiments. Statistical analysis 
was performed using the SPSS software version 20.0  
(IBM Corp., Armonk, NY, USA).

RESULTS

CCAL Was Highly Expressed in PTC Tissues

To determine the function of CCAL in PTC, we exam-
ined the expression of CCAL in PTC tissues (n = 52) 
and normal tissues (n = 52) by RT-qPCR. Results indi-
cated that CCAL was upregulated in PTC tissues com-
pared with adjacent normal tissues (p < 0.001) (Fig. 1A).  
Moreover, as shown in Figure 1B and C, upregulated CCAL 
expression was significantly correlated with multi focality 
(p < 0.01) and TNM stage (p < 0.05). Then we checked the 
expression level of CCAL in PTC cell lines (BCPAP, 
FTC133, 8505C, HTH-83, and TPC-1). Compared to 
the normal human thyroid epithelium cell line (TEC), 
CCAL was highly expressed in PTC cell lines as shown 
by RT-qPCR (Fig. 1D). We then divided the PTC tis-
sues into two subgroups based on CCAL expression. 
We performed Kaplan–Meier analysis to determine the 
correlation between CCAL expression and clinical out-
come in PTC patients. Results indicated that patients with 
a higher CCAL expression have worse overall survival  
(p = 0.029) (Fig. 1E).

CCAL Knockdown Suppressed Cell Proliferation

To further explore the effect of CCAL on PTC cells, 
we silenced CCAL in BCPAP and TPC-1 cells (Fig. 2A). 
To understand the impact of CCAL on the proliferation 
of thyroid carcinoma cell, CCK-8 assay was conducted 
after transfection. As shown in Figure 2B and C, the 
proliferation rate of BCPAP and TPC-1 cells was sup-
pressed by transfecting with siCCAL at 48 and 72 h 
(p < 0.05). As shown in Figure 2D, the colony formation 
assay showed a significant reduction in colony numbers 
consistent with the CCK-8 assay. To further evaluate the 
effect of CCAL expression on cell proliferation, the cell 
cycle distribution was explored in BCPAP and TPC-1 
cells transfected with siCCAL by flow cytometry, and the 
results showed that the cell cycle progression was stag-
nated at the G1–G0 phase compared with the control cells 
transfected with empty vector (Fig. 2E). Taken together, 
CCAL knockdown could inhibit PTC cell proliferation  
by blocking the cell cycle.

Knockdown of CCAL Inhibited Cell  
Migration and Invasion

A previous study showed that CCAL could promote  
the metastasis of OS19. To further determine whether 
CCAL also regulates the metastasis in PTC, we performed  
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Transwell assays with CCAL-depleted or control BCPAP 
and TPC-1 cells. As shown, CCAL knockdown signifi-
cantly inhibited the numbers of migrated and invaded 
BCPAP and TPC-1 cells (Fig. 3A and B). EMT is a hall-
mark of metastatic neoplasms. As shown in Figure 3C, 
knockdown of CCAL upregulated the epithelial cell 
marker E-cadherin and downregulated vimentin and 
Snail, which are characteristic of mesenchymal cells. 
These data suggested that CCAL promoted PTC cell 
migration and invasion.

CCAL Knockdown Inhibited Tumor Growth  
and Metastasis In Vivo

In the next step, to evaluate the effect of CCAL on 
PTC cells in vivo, we subcutaneously injected BCPAP 
cells into SCID mice. Tumor volumes were measured at 
weeks 1, 3, 5, and 7 postinjection, and the mice were sac-
rificed at 7 weeks. The volume and weight of the tumors 
derived from CCAL-depleted BCPAP cells were lower 
than those of the control group (Fig. 4A–C). Furthermore, 
the rate of lung metastasis was also lower in xenograft 
tumors expressing siCCAL than control group (Fig. 4D). 
Then Western blot was used to assess the proliferation 
and metastasis of formed tumor tissues. As shown in 
Figure 4E, knockdown of CCAL reduced the levels of 

cyclin D1, Snail, and Twist, which suggested that CCAL 
knockdown inhibited tumor proliferation and metastasis 
in vivo.

Knockdown of CCAL Inhibited the Activation  
of NOTCH1 Pathway in PTC Cells

Emerging evidence has shown that NOTCH1 signaling 
is important for tumor growth and metastasis in TPC22–24. 
In our study, we also found that knockdown of CCAL sig-
nificantly inhibited the expression of NOTCH1, HEY1, 
and HEY2 in BCPAP and TPC-1 cells, which suggested 
that CCAL knockdown led to inactivation of NOTCH1 
signaling (Fig. 5A and B). To determine how CCAL reg-
ulates NOTCH1 expression, we performed ChIP assay 
with CCAL-silenced or control BCPAP cells. We found 
that CCAL knockdown significantly inhibited the enrich-
ment of histone H3 lysine 4 trimethylation (H3K4me3), 
an active histone modification, on NOTCH1 promoter 
(Fig. 5C), suggesting that CCAL regulates NOTCH1 
transcription accessibility. To further determine whether 
CCAL-mediated regulation on PTC cell proliferation 
and metastasis relied on the NOTCH1 signaling path-
way, we restored the activation of NOTCH1 pathway 
by over expressing NOTCH1 in CCAL-silenced BCPAP 
and TPC-1 cells (Fig. 5D). As shown by the CCK-8 and 

Figure 1. Colon cancer-associated long noncoding RNA (CCAL) was highly expressed in papillary thyroid carcinoma (PTC) tissues. 
(A) Comparing the different expression of CCAL between PTC tissues (n = 52) and normal thyroid tissues (n = 16) by reverse transcrip-
tion quantitative polymerase chain reaction (RT-qPCR). (B) CCAL expression was dramatically upregulated in patients with multifocal 
PTC. (C) CCAL expression was dramatically upregulated in patients with advanced TNM stage. (D) CCAL expression between dif-
ferent types of thyroid carcinoma cell lines and a normal human thyroid epithelium cell line (TEC) by RT-qPCR. (E) Kaplan–Meier 
survival analysis based on CCAL expression in PTC tissues. *p < 0.05, **p < 0.01, and ***p < 0.001 by two-tailed Student’s t-test.  
All data presented are shown as means ± SD collected from three independent experiments.
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Figure 3. Knockdown of CCAL inhibited cell migration and invasion. (A) Transwell migration and (B) invasion assays were used to 
assess the migration and invasion abilities of BCPAP and TPC-1 cells. (C) The protein levels of Snail, vimentin, and E-cadherin were 
checked by Western blot in BCPAP and TPC-1 cells. GAPDH acted as loading control. **p < 0.01 by two-tailed Student’s t-test. All 
data presented are shown as means ± SD collected from three independent experiments.

Figure 2. CCAL knockdown suppressed cell proliferation. (A) RT-qPCR was used to determine the knockdown efficiency of CCAL 
in BCPAP and TPC-1 cells. (B–D) Cell counting kit-8 (CCK-8) and colony formation assays were used for the detection of cell prolif-
eration potential in BCPAP and TPC-1 cells. (E) Cell cycle distribution of BCPAP and TPC-1 cells transfected with siCCAL relative to 
cells transfected with control was measured by propidium iodide staining using flow cytometry. *p < 0.05 and **p < 0.01 by two-tailed 
Student’s t-test. All data presented are shown as means ± SD collected from three independent experiments.
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Transwell assays, overexpression of NOTCH1 rescued 
the proliferation and invasion of CCAL-silenced BCPAP 
and TPC-1 cells (Fig. 5E–G). Taken together, CCAL pro-
moted the proliferation, migration, and invasion of PTC 
cells through activating the NOTCH1 signaling pathway.

DISCUSSION

PTC patients have died mainly as a result of insuf-
ficient specific diagnostic biomarkers and therapeutic 
strategies25. Defining the molecular mechanism of PTC 
progression and identifying novel therapeutic targets 
for PTC intervention are of great importance. More and 
more evidence shows that lncRNAs have broad biologi-
cal functions, especially in cell growth, differentiation, 
and tumorigenesis26. lncRNAs may be a good candidate 
for tumor diagnosis and prognosis. For example, lncRNA 
chromosome 17 open reading frame 91 (C17orf91) is a 
potential prognostic marker and serves as an oncogene 
in ovarian cancer27. A recently identified lncRNA named 
sex-determining region Y box 21 antisense 1 (SOX21-
AS1) indicates poor prognosis in lung adenocarcinoma28. 
In this study, we found that CCAL was highly expressed in 
PTC tissues and aimed to determine its function in PTC.

Dysregulation of lncRNAs has been related to diverse 
human cancers including HCC, gastric cancer, and colon 
cancer11,29,30. Previous reports showed that a lncRNA was 
highly expressed in HCC tissues and associated with 

HCC metastasis and TNM stage19. They found that 
CCAL promoted HCC cellular invasion and prolifera-
tion and inhibited cell apoptosis by activating the Wnt/ 
b-catenin pathway. Another report indicated that CCAL 
was significantly overexpressed in OS tissues compared 
with adjacent normal tissues20. Increased expression of 
CCAL was also correlated with advanced TNM stage 
and metastasis in OS. Additionally, Ma and colleagues 
demonstrated that CCAL was a key regulator of CRC 
progression. CCAL could activate Wnt/b-catenin sig-
naling via suppression of activator protein 2 a (AP-2a) 
expression in CRC21. Until now, the function of CCAL 
is largely unknown. We found that the expression of 
CCAL was significantly upregulated in PTC tissues. 
Increased expression of CCAL was positively related 
with advanced TNM stage and predicted poor progno-
sis in PTC. By CCK-8 and Transwell assays, we found 
that knockdown of CCAL in BCPAP and TPC-1 cells 
remarkably suppressed cellular proliferation, migration, 
and invasion in vitro. Moreover, xenograft experiments 
indicated that knockdown of CCAL markedly inhibited 
tumor growth and lung metastasis in vivo. Thus, our data 
suggested that CCAL might be a good biomarker for PTC  
patients’ prognosis and be a potential therapeutic target.

Previous studies widely proved that NOTCH signal-
ing is very important for tumor progression in various 
human cancers23,24,31–33. For instance, miR-199a-3p inhibits 

Figure 4. CCAL knockdown inhibited tumor growth and metastasis in vivo. (A–C) BCPAP cells were injected into nude mice sub-
cutaneously. Then tumor volumes (A) and tumor weight (B and C) were measured at indicative time points. (D) The numbers of 
metastatic foci in the lungs of mice from various groups at 8 weeks after tail vein injection were counted. (E) The protein levels of 
cyclin D1, Twist, and Snail were measured by Western blot. *p < 0.05 and **p < 0.01 by two-tailed Student’s t-test. All data presented 
are shown as means ± SD collected from three independent experiments.
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cell proliferation and induces apoptosis by suppressing 
Jagged1–Notch signaling in human HCC31. The NOTCH1 
pathway promoted microRNA-151-5p expression and con-
tributed to gastric cancer progression32. In PTC, researchers 
found that NOTCH1 signaling was activated and promoted 
the proliferation and cell cycle of PTC cells24. Another 
study indicates that activation of NOTCH1 signaling 
inhibits Prospero homeobox 1 (PROX1) activity and con-
tributes to the malignant behavior of thyroid cancer cells23. 
A previous study also shows that the NOTCH1 receptor 
was upregulated and serves as a marker of lymph node 
metastases in PTC33. In our study, we showed that CCAL 
promoted the activation of NOTCH1 signaling pathway. 
By Western blot, we found that CCAL knockdown sig-
nificantly inhibited the protein levels of NOTCH1 and its 
target genes (HEY1 and HEY2). Moreover, we also found 
that restoration of NOTCH1 promoted the proliferation, 
migration, and invasion of PTC cells. Our data revealed 
the relationship between CCAL expression and NOTCH1 
pathway activation in PTC.

In summary, our research, for the first time, demon-
strated the function of CCAL in PTC and explained its 

functional mechanism. We found that CCAL promoted 
the proliferation, migration, and invasion of PTC cells, 
at least in part, by activation of the NOTCH1 signaling 
pathway. Our findings highlight the importance of the 
CCAL/NOTCH1 axis in PTC progression.
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