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Purpose: Long noncoding RNAs are crucial regulators in thyroid cancer progression. 
However, the role of lncRNA CCDC26 in thyroid cancer remains unclear. Here, we aimed 
to explore the effect of CCDC26 on thyroid cancer progression and the underlying 
mechanism.
Materials and Methods: A total of 50 clinical thyroid cancer samples were studied in 
patients’ samples, cultured cells, and nude mice before and after treatment using quantitative 
reverse transcription-PCR, CCK-8 assays, BrdU incorporation assays, Transwell assays, cell 
apoptosis analysis, luciferase reporter gene assay, RNA immunoprecipitation, Western blot 
analysis, and tumorigenicity analysis.
Results: CCDC26 expression was elevated in patients’ thyroid cancer tissues and thyroid 
cancer cell lines. CCDC26 depletion remarkably reduced proliferation, invasion, and migra-
tion but induced apoptosis of thyroid cancer cells. Mechanically, miR-422a mimic remark-
ably reduced the luciferase activity of CCDC26 transfected cells but failed to affect cells 
transfected with CCDC26 containing the mutated miR-422a-binding site. RNA immunopre-
cipitation (RIP) assays showed that CCDC26 and miR-422a preferentially interacted with 
Ago2, but not IgG, in the micro-ribonucleoprotein complexes (miRNPs). CCDC26 depletion 
enhanced miR-422a expression and MiR-422a inhibitor reversed CCDC26 knockdown- 
induced inhibition of thyroid cancer progression in vitro. CCDC26 upregulated EZH2 and 
Sirt6 expression by sponging miR-422a in thyroid cancer cells. Tumorigenicity analysis in 
nude mice revealed that CCDC26 contributed to thyroid tumor growth via miR-422a/EZH2/ 
Sirt6 axis in vivo.
Conclusion: CCDC26 promotes thyroid cancer malignant progression via miR-422a/EZH2/ 
Sirt6 axis. This finding provides new insights into the mechanism by which CCDC26 
promotes malignant thyroid cancer development, advances our understanding of lncRNAs’ 
association with thyroid cancer, and indicates that CCDC26 and miR-422a may serve as 
potential targets for thyroid cancer.
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Introduction
Thyroid cancer is a common endocrine tumor with severe morbidity1 and steadily 
growing incidence,3,4 resulting in approximately 1% of cancer-related morbidity 
globally.2 Although thyroid cancer displays a favorable prognosis,5 patients with 
aggressive metastasis exhibit considerably poor outcomes.6 Understanding the 
molecular mechanisms underlying thyroid cancer progression will benefit thyroid 
cancer diagnosis, therapy, and prognosis7,8 and is crucial and urgently required. 
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However, the advancement in the mechanism investigation 
of thyroid cancer pathogenesis is still limited.

Long noncoding RNAs (lncRNAs), a type of noncoding 
RNAs of length > 200 nucleotides, display fundamental 
functions in carcinogenesis.9–11 Many lncRNAs participate 
in thyroid cancer modulation. For example, lncRNA 
FOXD2-AS1 acts as a competing endogenous factor in thyr-
oid cancer to modulate TERT expression by targeting miR- 
7-5p.12 LncRNA TNRC6C-AS1 as a competing endogenous 
RNA mediates UNC5B to induce cell invasion, migration, 
and proliferation by modulating miR-129-5p in thyroid 
cancer.13 LncRNA DARS-AS1 targets microRNA-129 to 
increase thyroid cancer progression.14 Moreover, lncRNA 
CCDC26, as a poorly investigated lncRNA, plays crucial 
roles in several cancer models, such as pancreatic cancer, 
leukemia, and laryngeal squamous cell carcinoma.15–17 

However, the effect of CCDC26 on the progression of thyr-
oid cancer remains unclear.

MicroRNAs (miRNAs) are short noncoding RNAs with 
a length of approximately 20-25 nucleotides and have sig-
nificant impacts on numerous biological processes, such as 
cell apoptosis, proliferation, differentiation, invasion, metas-
tasis, and tumorigenesis by interacting with lncRNAs.18,19 

MiRNAs post-transcriptionally control the expression of 
genes within the target mRNAs’ 3ʹ untranslated region (3ʹ 
UTR).20 Many investigations have revealed that miRNAs are 
involved in thyroid cancer progression.21 For instance, miR- 
597-3p represses thyroid cancer cell invasion and migration 
by regulating RAB23.22 MiR-335-5p restrains thyroid cancer 
cell metastasis and invasion by targeting ICAM-1.23 MiR- 
422a is crucial in cancer development24,25 and is involved in 
thyroid cancer modulation by interacting with lncRNAs and 
targeted genes.26,27 Besides, epigenetic regulators are 
involved in tumorigenesis and play critical roles in cancer 
development.28 Enhancer of zeste homolog 2 (EZH2), 
a histone methyltransferase, and sirtuin 6 (Sirt6), 
a deacetylase, are well-studied epigenetic regulators exhibit-
ing essential roles in thyroid cancer development and targets 
of miRNAs.29,30 In the present study, we identified a novel 
function of CCDC26 in promoting thyroid cancer progres-
sion by regulating the miR-422a/EZH2/Sirt6 axis in vitro and 
in vivo.

Materials and Methods
Clinical Thyroid Cancer Samples
A total of 50 clinical thyroid cancer samples used in the 
study was obtained between August 2017 and August 2019 

from Peking University Cancer Hospital and Institute. All 
patients were diagnosed and reviewed independently by two 
clinicians based on histopathological data as advanced thyr-
oid carcinoma involving the anterior superior mediastinum 
and did not receive any systemic or local therapy before 
surgery. Among them, 32 had papillary adenocarcinoma, 6 
had follicular adenocarcinoma, 6 had medullary carcinoma, 
and 4 had poorly differentiated carcinoma. The thyroid 
cancer tissues and corresponding para-neoplastic tissues 
obtained from the patients were snap-frozen in liquid nitro-
gen and stored at −80°C before further analysis. All patients 
provided informed consent, and this study was approved by 
the Ethics Committee of Peking University Cancer Hospital 
and Institute (No. 76HG5573). This study conformed to the 
experimental guidelines of the World Medical Association 
and the Ethics Committee of Peking University Cancer 
Hospital and Institute.

Cell Culture and Treatment
Normal human thyroid Nthy-ori 3–1 cell line and thyroid 
cancer cell lines including FTC-133, SW579, TPC-1, and 
8505C were purchased from Type Culture Collection of 
the Chinese Academy of Sciences (Shanghai) and cultured 
in DMEM (Solarbio, China) containing 10% fetal bovine 
serum (Gibco, USA), 0.1 mg/mL streptomycin (Solarbio, 
China) and 100 units/mL penicillin (Solarbio, China) at 37 
°C with 5% CO2. CCDC26 siRNA, CCDC26 shRNA, 
pcDNA3.1-CCDC26 overexpression vector, miR-422a 
mimic, miR-422a inhibitor, and corresponding controls 
were obtained from GenePharma (Shanghai, China). Cell 
transfection was performed by Lipofectamine 2000 
(Invitrogen, USA) according to the manufacturer’s 
instructions.

Quantitative Reverse Transcription-PCR 
(qRT-PCR)
Total RNAs were extracted by TRIZOL (Biosntech, 
China). The first-strand cDNA was synthesized following 
the manufacturer’s instructions (Thermo, USA). qRT-PCR 
was carried out by applying SYBR-Green (Takara 
Biotechnology, Co., Lt., China). The standard control for 
miRNA and mRNA/lncRNA was U6 and GAPDH, respec-
tively. Quantitative determination of RNA levels was con-
ducted in three independent experiments. The primer 
sequences are as follows:

CCDC26 forward: 5ʹ-CAAAGCTGGTCCTGTGCTTG 
-3ʹ; CCDC26 reverse: 5ʹ-TTGAGTGTGGCA 
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TCACTTCC-3ʹ; miR-422a forward: 5ʹ-GGCCTGGCTGG 
ACAGA-3ʹ; miR-422a reverse: 5ʹ-GTCA CATGACAACC 
CAGCTT-3ʹ; EZH2 forward: 5ʹ-TTGCCTGGATGATG 
GGGTCT-3ʹ; EZH2 reverse: 5ʹ-CATCTTAGTGGC 
CAGGTACA-3ʹ; Sirt6 forward: 5ʹ-GCCTTCTTCAGCCTGG 
AATAC-3ʹ; Sirt6 reverse: 5ʹ-TTCTGGAGTTCCTTG 
GTGGAGTG-3ʹ; GAPDH forward: 5ʹ-GGGCTGCTT 
TTAACT CTGGT-3ʹ; GAPDH reverse: 5ʹ-GCAGG 
TTTTTCTAGACGG-3ʹ; U6 forward: 5ʹ-CTCGCTTCGG 
CAGCACATATACT-3ʹ; and U6 reverse: 5ʹ-ACGC 
TTCACGAATTTGCGTGTC-3ʹ.

CCK-8 Assay
Cell viability was analyzed by the CCK-8 assays. About 
5×103 cells were put into 96 wells and cultured for 12 
hours and used for transfection or treatment. After 0 hours, 
24 hours, 48 hours, 72 hours, and 96 hours, cells were 
incubated with a CCK-8 solution (KeyGEN Biotech, 
China) and cultured for another 2 hours at 37°C. The 
absorbance at 450nm was measured with an ELISA brow-
ser (Bio-Tek EL 800, USA).31

BrdU Incorporation Assay
Cell proliferation was assessed by the BrdU incorporation 
assays. About 2×103 cells were put into 96 wells and 
cultured for 12 hours and used for transfection or treat-
ment. After 0 hours, 24 hours, 48 hours, 72 hours, and 96 
hours, cell proliferation was measured by BrdU Cell 
Proliferation Assay Kit (Yilaisa, China).32

Colony Formation Assay
About 1×103 SW579 and TPC-1 cells were layered in 6 
wells and incubated in DMEM at 37 °C. After two weeks, 
cells were cleaned with PBS Buffer, fixed in methanol for 
thirty minutes, and stained with crystal violet dye at the 
dose of 1%, after which the number of colonies was 
calculated.31

Transwell Assays
Transwell assays were applied to analyze thyroid cancer 
cell invasion and migration using a Transwell plate 
(Corning, USA) according to the manufacturer’s instruc-
tion. Briefly, the upper chambers were plated with around 
1×105 cells and cultured for 48 hours. The migrated and 
invaded cells were solidified with 4% paraformaldehyde, 
stained with crystal violet, recorded and calculated.31

Cell Apoptosis Analysis
Around 2×105 cells were plated on 6-well plates. Cell 
apoptosis was analyzed by using the Annexin V-FITC 
Apoptosis Detection Kit (CST, USA) according to the 
manufacturer's instruction. Briefly, about 2×106 col-
lected and washed cells were resuspended in binding 
buffer and dyed at 25 °C, followed by the flow cyto-
metry analysis.33

Luciferase Reporter Gene Assay
Luciferase reporter gene assays were performed by using 
the Dual-luciferase Reporter Assay System (Promega, 
USA). Briefly, cells were treated with the miR-422a 
mimic, or control mimic, the vector containing CCDC26, 
CCDC26 mutant, EZH2, EZH2 mutant, Sirt6, and Sirt6 
mutant fragment were transfected into the cells by using 
Lipofectamine 2000 (Invitrogen, USA), followed by the 
analysis of luciferase activities, in which Renilla was 
applied as a normalized control.31

RNA Immunoprecipitation
RNA immunoprecipitation (RIP) assays were con-
ducted by an EZMagna RIP kit (Millipore, USA). 
Cells were lysed using a complete RIP lysis buffer. 
Cell extracts were incubated with magnetic beads con-
jugated to anti-AGO2 (Abcam, USA) or anti-IgG 
(Abcam, USA) antibodies for 6 hours, protein beads 
were removed, and RNA was purified and followed by 
qPCR analysis.34

Western Blot Analysis
Total proteins were extracted from the cells or mice tissues 
with RIPA buffer (CST, USA). Protein concentrations 
were measured by using the BCA Protein Quantification 
Kit (Abbkine, USA). The same amount of proteins were 
separated by SDS-PAGE (12% polyacrylamide gels) and 
transferred onto PVDF membranes (Millipore, USA). The 
membranes were blocked with 5% milk and incubated 
overnight at 4°C with the primary antibodies for EZH2 
(1:1000) (Amyjet, China), Sirt6 (1:1000) (Amyjet, China), 
and GAPDH (1:1000) (Amyjet, China), in which GAPDH 
served as the control. The corresponding second antibodies 
(1:1000) (Amyjet, China) were used for hatching the 
membranes for 1 hour at room temperature, followed by 
the visualization by using an Odyssey CLx Infrared 
Imaging System.
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Tumorigenicity Analysis in Nude Mice
In vivo tumor growth was analyzed in nude Balb/c mice 
(male, 4-week-old) that were randomly separated into four 
groups (n=4). To establish an in vivo tumor model, SW579 
cells were treated with control shRNA (sh-NC), CCDC26 
shRNA (sh-CCDC26), miR-422a inhibitor, or co-treated 
with CCDC26 shRNA (sh-CCDC26) and miR-422a inhi-
bitor, respectively. Then, about 1×107 cells were subcuta-
neously injected into the mice. Tumor growth were 
measured every 7 days. After 35 days of injection, mice 
were sacrificed, and tumors were scaled. Tumor volume 
(V) was observed by measuring the length and width with 
calipers and calculated as measured with the method × 0.5. 
Ki-67 expression in tumor tissues was tested by immuno-
histochemical staining with the Ki67 antibody (Santa Cruz 
Biotechnology, USA). EZH2, Sirt6, and GAPDH protein 
levels in the tumor tissues were analyzed by Western blot 
using primer antibodies against EZH2 (1:1000) (Amyjet, 
China), Sirt6 (1:1000) (Amyjet, China), and GAPDH 
(1:1000) (Amyjet, China), respectively. All animal hand-
ling procedures were approved by Peking University 
Cancer Hospital and Institute Animal Welfare Committee 
(No. 76HG5573) and complied with the authorized 
Animal Care and Method Procedure published by this 
hospital and the World Medical Association.

Statistical Methods
Data were presented as mean ± SD, and the statistical 
analysis was performed by SPSS 19.0 statistical software. 
The unpaired Student’s t-test was applied for comparing 
two groups, and the one-way ANOVA was applied for 
comparing multiple groups. LSD test was used for subse-
quent analysis. P < 0.05 were considered statistically 
significant.

Results
CCDC26 is Upregulated in Thyroid 
Cancer Tissues and Cell Lines
To assess the potential correlation of CCDC26 with thyr-
oid cancer progression, we analyzed its expression in the 
thyroid cancer tissues and cell lines. Significantly, our data 
showed that CCDC26 expression was elevated in thyroid 
cancer tissues (n = 50) compared with the adjacent normal 
tissues (n = 50) (P < 0.01, (Figure 1A and B), implying 
that CCDC26 is associated with thyroid cancer develop-
ment. In addition, CCDC26 expression was upregulated in 
thyroid cancer cell lines, including FTC-133 (P < 0.01), 

SW579 (P < 0.001), TPC-1 (P < 0.001), and 8505C (P < 
0.01) compared with the normal human thyroid Nthy-ori 
3–1 cells (Figure 1C). SW579 and TPC-1 cells were 
selected for subsequent investigations. Moreover, based 
on the mean CCDC26 expression, thyroid cancer tissues 
(n = 50) were assigned into two groups for correlation 
analysis between CCDC26 and thyroid cancer patients’ 
prognosis. We observed that a high CCDC26 level was 
associated with poor overall survival (OS) (P < 0.01, 
Figure 1D), suggesting that CCDC26 expression is nega-
tively correlated with thyroid cancer patients’ prognosis. 
Taken together, these data suggest that CCDC26 is upre-
gulated in thyroid cancer tissues and cell lines.

CCDC26 Depletion Inhibits Thyroid 
Cancer Progression in vitro
We further explored the effect of CCDC26 on thyroid 
cancer progression in vitro. To this end, CCDC26 was 
depleted by siRNA in SW579, and TPC-1 cells, and the 
knockdown efficiency was validated by qPCR (P < 0.001, 
Figure 2A). CCK-8 assays revealed that CCDC26 deple-
tion remarkably reduced SW579 and TPC-1 cells’ viability 
(P < 0.01, Figure 2B). Similarly, BrdU incorporation 
assays demonstrated that SW579 and TPC-1 cell prolifera-
tion was inhibited by CCDC26 knockdown (P < 0.01, 
Figure 2C). Colony formation assays showed that 
CCDC26 knockdown decreased colony number in the 
cells (P < 0.01, Figure 2D). Furthermore, Transwell assays 
demonstrated that CCDC26 depletion impaired the inva-
sion and migration of SW579 and TPC-1 cells (P < 0.01, 
Figure 2E and F). Meanwhile, CCDC26 knockdown 
remarkably induced apoptosis of SW579 and TPC-1 cells 
(P < 0.01, Figure 2G). Together, these results indicate that 
CCDC26 promotes thyroid cancer progression in vitro.

CCDC26 Serves as a Sponge of miR-422a 
in Thyroid Cancer Cells
Next, we identified the potential interaction between 
CCDC26 and miR-422a in the bioinformatic analysis using 
the web tool StarBase v.2.0 (Figure 3A). The miR-422a 
mimic remarkably reduced the luciferase activities of 
CCDC26 but failed to affect the CCDC26 with mutated 
miR-422a-binding site in SW579 and TPC-1 cells (P < 
0.01, Figure 3B). RNA immunoprecipitation (RIP) assays 
showed that CCDC26 and miR-422a preferentially inter-
acted with Ago2, but not IgG, in the micro- 
ribonucleoprotein complexes (miRNPs) of SW579 and 
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TPC-1 cells (P < 0.01, Figure 3C). CCDC26 depletion 
enhanced miR-422a expression in these cells (P < 0.01, 
Figure 3D). Moreover, miR-422a expression was reduced 
in the thyroid cancer tissues (n=50) compared with the 
adjacent normal tissues (n=50) (P < 0.01, Figure 3E), and 
CCDC26 expression was negatively correlated with miR- 
422a in thyroid cancer tissues (n=50) (P < 0.01, Figure 3F), 
indicating the potential interplay of CCDC26 and miR-422a 
in the thyroid cancer progression. Together, CCDC26 serves 
as a sponge of miR-422a in thyroid cancer cells.

MiR-422a Inhibitor Reverses CCDC26 
Knockdown-Induced Inhibition of 
Thyroid Cancer Progression in vitro
We then explored the role of CCDC26/miR-422a axis in 
thyroid cancer development in vitro. CCK-8 assays 

revealed that CCDC26 depletion reduced (P < 0.01) 
while miR-422a inhibitor enhanced (P < 0.01) the via-
bility of SW579 and TPC-1 cells, and miR-422a inhibi-
tor reversed the effect of CCDC26 knockdown in these 
two cells (P < 0.05, Figure 4A). BrdU incorporation 
assays showed that miR-422a inhibitor reversed 
CCDC26 knockdown-inhibited cell proliferation (P < 
0.05, Figure 4B) and colony numbers (P < 0.05, 
Figure 4C) and increased CCDC26 knockdown- 
attenuated invasion and migration of SW579 and TPC- 
1 cells (P < 0.05, Figure 4D and E). Besides, CCDC26 
depletion-induced apoptosis was blocked by miR-422a 
inhibitor (P < 0.05, Figure 4F). Together, these data 
suggest that miR-422a inhibitor reversed CCDC26 
knockdown-induced inhibition of thyroid cancer pro-
gression in vitro.

Figure 1 CCDC26 is upregulated in thyroid cancer tissues and cell lines. (A and B) CCDC26 expression measured by qPCR in thyroid cancer tissues (n=50) and adjacent 
normal tissues (n=50). (C) CCDC26 expression assessed by qPCR in Nthy-ori 3–1, FTC-133, SW579, TPC-1, and 8505C cells. (D) The correlation of CCDC26 expression 
with overall survival (OS) of thyroid cancer patients analyzed by Kaplan-Meier analysis. Data are presented as mean ± SD. Statistic significant differences were indicated: 
**P < 0.01, ***P < 0.001.
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CCDC26 Upregulates EZH2/Sirt6 
Expression by Sponging miR-422a in 
Thyroid Cancer Cells
Next, we tried to identify miR-422a’s target genes in 
thyroid cancer development. Bioinformatic analysis using 
Targetscan (http://www.targetscan.org/vert_72/) revealed 
miR-422a-targeted sites in EZH2 and Sirt6 3ʹ UTR 
(Figure 5A). Notably, miR-422a mimic inhibited luciferase 
activities of wild type EZH2 and Sirt6 but failed to affect 
the EZH2 and Sirt6 with mutated miR-422a-binding sites 
in SW579 and TPC-1 cells (P < 0.01, Figure 5B). miR- 
422a mimic downregulated mRNA expression of EZH2 
and Sirt6 (P < 0.01), and CCDC26 overexpression 
reversed this effect (P < 0.05, Figure 5C). Besides, 
CCDC26 overexpression significantly rescued the protein 
expression of EZH2 and Sirt6 inhibited by miR-422a 
mimic in these cells (P < 0.05) (Figure 5D). 

Furthermore, the expression of EZH2 and Sirt6 was 
increased in the thyroid cancer tissues (n=50) compared 
with the adjacent normal tissues (n=50) (P < 0.01, Figure 
5E), and miR-422a expression was negatively correlated 
with EZH2 and Sirt6 levels in thyroid cancer tissues 
(n=50) (P < 0.01, Figure 5F). Taken together, these results 
suggest that CCDC26 upregulates EZH2/Sirt6 expression 
by sponging miR-422a in thyroid cancer cells.

CCDC26 Contributes to Thyroid Tumor 
Growth via miR-422a/EZH2/Sirt6 Axis 
in vivo
We further determined the impact of CCDC26/miR-422a/ 
EZH2/Sirt6 axis on thyroid cancer development in vivo. 
For this purpose, we performed tumorigenicity analysis in 
nude mice injected with SW579 cells, which were pre-
treated with control shRNA, CCDC26 shRNA, miR-422a 

Figure 2 CCDC26 depletion inhibits thyroid cancer progression in vitro. (A–G) SW579 and TPC-1 cells were transfected with control siRNA (si-NC) or CCDC26 siRNA 
(si-CCDC26). (A) CCDC26 expression measured by qPCR in these cells. (B) Viability of these cells analyzed by CCK-8 assays. (C and D) Proliferation of these cells 
assessed by BrdU incorporation assays and colony formation assays. (E and F) Migration and invasion of these cells examined by Transwell assays. (G) Apoptosis of these 
cells measured by flow cytometry analysis. Data are presented as mean ± SD. Statistic significant differences were indicated: **P < 0.01, ***P < 0.001.
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inhibitor, or co-treated with CCDC26 shRNA and miR- 
422a inhibitor. Our data showed that CCDC26 depletion 
significantly reduced while miR-422a inhibitor enhanced 
the tumor growth in vivo, and miR-422a inhibitor reversed 
the effects of CCDC26 knockdown in the system, as 
demonstrated by the tumor size (Figure 6A), tumor weight 
(P < 0.05, Figure 6B), tumor volume (P < 0.05, Figure 
6C), and Ki-67 expression in mouse tumor tissues (Figure 
6D). Besides, we validated that CCDC26 knockdown- 
attenuated expression of EZH2 and Sirt6 was enhanced 
by miR-422a inhibitors in mouse tumor tissues (P < 0.05, 
Figure 6E). Together, these data suggest that CCDC26 
contributes to thyroid tumor growth via miR-422a/EZH2/ 
Sirt6 axis in vivo.

Discussion
Thyroid cancer serves as a prevailing endocrine neoplasm 
globally with increasing mobility and severe morbidity.35 

However, the mechanism of thyroid cancer progression 
remains unclear, extremely limiting the development of 
biomarkers for diagnosis, prognosis, and therapeutic can-
didates for thyroid cancer patients.36 In recent years, 
lncRNAs have been well-recognized to present critical 

roles in thyroid cancer pathogenesis. This study identified 
that lncRNA CCDC26 promoted thyroid cancer malignant 
progression via miR-422a/EZH2/Sirt6 axis.

As a crucial regulator in cancer development, lncRNAs 
are recognized to participate in thyroid cancer modulation. 
However, the role of CCDC26 in thyroid cancer is poorly 
understood despite some studies have revealed the func-
tion of CCDC26 in the progression of other cancer models. 
It has been reported that CCDC26 downregulation pro-
motes imatinib resistance by upregulating IGF-1R and 
c-KIT in gastrointestinal stromal cancers.37,38 CCDC26 
depletion inhibits glioma cell migration and growth by 
sponging miR-203.39 CCDC26 regulates cell growth by 
modulating KIT expression in myeloid leukemia.40 

Nevertheless, the role of CCDC26 in thyroid cancer is 
still unreported. In this study, we, for the first time, identi-
fied that CCDC26 expression was elevated thyroid cancer 
tissues and cell lines, CCDC26 depletion reduced cell 
proliferation, migration, and invasion and induced apopto-
sis of thyroid cancer cells, and CCDC26 contributed to 
thyroid tumor growth in vivo. These data present a novel 
function of CCDC26 in promoting thyroid cancer progres-
sion, providing valuable evidence for the fundamental role 

Figure 3 CCDC26 served as a sponge of miR-422a in thyroid cancer cells. (A) Potential interaction between CCDC26 and miR-422a identified by the bioinformatic analysis 
using the web tool StarBase v.2.0. (B) Luciferase activities in luciferase reporter gene assays in SW579 and TPC-1 cells transfected with wild-type CCDC26 (CCDC26 WT), 
mutant CCDC26 with mutated miR-422a-binding site (CCDC26 MUT) and treated with control mimic (miR-NC) or miR-422a. (C) The interaction of CCDC26 and miR- 
422a with Ago2 or IgG in SW579 and TPC-1 cells examined by RNA immunoprecipitation (RIP) assays followed by qPCR. (D) MiR-422a expression measured by qPCR in 
the SW579 and TPC-1 cells transfected with control siRNA (si-NC) or CCDC26 siRNA (si-CCDC26). (E) MiR-422a expression measured by qPCR in thyroid cancer 
tissues (n=50) and adjacent normal tissues (n=50). (F) The correlation of CCDC26 with miR-422a analyzed by qPCR in thyroid cancer tissues (n=50). Data are presented as 
mean ± SD. Statistic significant differences were indicated: **P < 0.01.
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of lncRNAs in thyroid cancer development, which is con-
sistent with the findings that a lncRNA can play similar 
roles in a variety of cancer models and how various 
lncRNAs work cooperatively in cancer development, 
although which needed to be further explored.

As a primary component of noncoding RNAs and 
a significant interplay factor with lncRNAs in the phy-
siological and pathological processes, miRNAs are also 
involved in thyroid cancer modulation. It has been 
reported that miRNA-125b controls autophagy by inter-
acting with Foxp3 in thyroid cancer.41 MiRNA-1270 
regulates thyroid cancer progression through regulating 
SCAI.42 MiRNA-592 suppresses thyroid cancer devel-
opment by downregulating NOVA1 and controlling 
lncRNA NEAT1.43 MiRNA-15 mediates thyroid cancer 
invasion, migration, and proliferation by regulating 
Bcl-2.44 It has been identified that miR-422a partici-
pates in thyroid cancer modulation. miR-422a is 

involved in iodine/MAPK1-induced thyroid cancer 
progression.27 SP1-mediated lncRNA LINC00313 
upregulation activates thyroid cancer tumorigenesis by 
modulating miR-422a.26 These investigations have well 
proven that miRNAs are regularly involved in the 
modulation of thyroid cancer progression. In the pre-
sent study, we identified that miR-422a expression was 
reduced in thyroid cancer tissues. Our mechanism 
investigation further demonstrated that miR-422a inhi-
bitor reversed CCDC26 knockdown-induced inhibition 
of thyroid cancer progression in vitro. These data dis-
played an unreported role of miR-422a in thyroid can-
cer development and identified a new association of 
miR-422a with CCDC26 in thyroid cancer modulation.

As two significant epigenetic regulators, EZH2 and 
Sirt6 have been well-identified to participate in the 
modulation of thyroid cancer development. It has 
been reported that miR-30d and miR-25 

Figure 4 MiR-422a inhibitor reverses CCDC26 knockdown-induced inhibition of thyroid cancer progression in vitro. (A–F) The SW579 and TPC-1 cells were transfected 
with control siRNA (si-NC), CCDC26 siRNA (si-CCDC26), miR-422a inhibitor, or co-treated with CCDC26 siRNA (si-CCDC26) and miR-422a inhibitor. (A) Cell viability 
analyzed by CCK-8 assays. (B) Cell proliferation measured by BrdU incorporation assays. (C) Cell proliferation assessed by colony formation assays. (D and E) Cell 
migration and invasion examined by Transwell assays. (F) Cell apoptosis measured by flow cytometry. Data are presented as mean ± SD. Statistic significant differences were 
indicated: *P < 0.05, **P < 0.01, #P < 0.05.
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downregulation promotes thyroid cancer progression by 
targeting EZH2.29 EZH2 upregulation by ERα 
enhances thyroid cancer cell migration and 
proliferation.45 In addition, Sirt6 contributes to the 
Warburg effect by regulating BCPAP through reactive 
oxygen species in papillary thyroid cancer cells.30 

Sirt6/HIF-1α signaling enhances the progression of 
papillary thyroid carcinoma by stimulating epithelial- 
mesenchymal transition.46 Sirt6 is upregulated and cor-
related with malignancy aggressiveness by BRAF/ 
ERK/Mcl 1 signaling in papillary thyroid cancer.47 

Our data showed that miR-422a targets EZH2 and 
Sirt6 in thyroid cancer cells, and CCDC26 upregulated 
EZH2/Sirt6 expression by sponging miR-422a in mod-
ulating thyroid cancer progression. These data provide 

new evidence that EZH2 and Sirt6 serve as the crucial 
factors in thyroid cancer development and present an 
unreported correlation of EZH2 and Sirt6 with miR- 
422a and CCDC26 in tumorigenesis. The effect of 
miR-422a on other potential targets in thyroid cancer 
development will be investigated in the future.

In conclusion, we identified that CCDC26 contributes 
to thyroid cancer malignant progression via miR-422a/ 
EZH2/Sirt6 axis. Our finding provides new insights into 
the mechanism by which CCDC26 promotes thyroid can-
cer malignant development and improves our understand-
ing of the association of lncRNA with thyroid cancer. 
CCDC26 and miR-422a might serve as potential targets 
for thyroid cancer treatment.

Figure 5 CCDC26 up-regulates EZH2/Sirt6 expression by sponging miR-422a in thyroid cancer cells. (A) The interaction of miR-422a with EZH2 and Sirt6 3ʹ UTR 
identified by bioinformatic analysis using Targetscan (http://www.targetscan.org/vert_72/). (B) Luciferase activities in SW579 and TPC-1 cells transfected with wild type 
EZH2 and Sirt6, and EZH2 and Sirt6 with mutated miR-422a-binding site determined by luciferase reporter gene assays. (C and D) SW579 and TPC-1 cells were treated 
with control mimic (miR-NC), miR-422a mimic, or co-treated with pcDNA3.1-CCDC26 (pc-CCDC26) overexpression vector and control mimic (miR-NC) or miR-422a 
mimic. (C) EZH2 and Sirt6 mRNA levels measured by qPCR. (D) Protein expression of EZH2, Sirt6, and GAPDH tested by Western blot analysis. The results of Western 
blot analysis were quantified by ImageJ software. (E) EZH2 and Sirt6 expression measured by qPCR in the thyroid cancer tissues (n=50) and adjacent normal tissues (n=50). 
(F) The correlation of EZH2 and Sirt6 with miR-422a analyzed by qPCR in thyroid cancer tissues (n=50). Data are presented as mean ± SD. Statistic significant differences 
were indicated: *P < 0.05, **P < 0.01, #P < 0.05.
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