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Long noncoding RNA (lncRNA) long intergenic nonprotein-
coding RNA, p53-induced transcript (LINC-PINT) has shown
anti-invasive activity in lung and colon cancer cells. However,
the role of LINC-PINT in thyroid cancer is unclear. In the pre-
sent work, we explored the expression of LINC-PINT in 60
paired thyroid cancer and adjacent normal tissues. The clinical
significance and biological function of LINC-PINT in thyroid
cancer were determined. LINC-PINT expression was downregu-
lated in thyroid cancer relative to adjacent normal tissues (p =
0.0002). Low expression of LINC-PINT was significantly associ-
ated with advanced tumor node metastasis (TNM) stage (p =
0.0306) and lymph nodemetastasis (p = 0.0359). Ectopic expres-
sion of LINC-PINT suppressed the proliferation, invasion, and
tumorigenesis of thyroid cancer cells. Mechanistically, LINC-
PINT associated with and downregulated microRNA (miR)-
767-5p. Moreover, LINC-PINT overexpression relieved miR-
767-5p-mediated repression of ten-eleven translocation 2
(TET2).miR-767-5p promoted aggressiveness of thyroid cancer,
which was reversed by overexpression of TET2. Coexpression of
miR-767-5p or depletion of TET2 rescued the inhibitory effect
of LINC-PINT on thyroid cancer cell proliferation and invasion.
In addition, there was a negative correlation between miR-767-
5p and LINC-PINT in thyroid cancer (r = �0.34772, p =
0.01789). Taken together, LINC-PINT functions as a tumor sup-
pressor in thyroid cancer via the miR-767-5p/TET2 axis, repre-
senting a potential therapeutic target for thyroid cancer.

INTRODUCTION
Thyroid cancer is the most commonly diagnosed malignancy of the
endocrine system.1,2 Thyroid cancer can be classified as papillary thy-
roid cancer (PTC), follicular thyroid cancer (FTC), anaplastic thyroid
cancer (ATC), and medullary thyroid cancer (MTC). PTC is the
major subtype, accounting for 80% of thyroid cancers.3 Although
well-differentiated thyroid cancers have an overall good prognosis,
some of them can progress to an aggressive, lethal disease.4,5 The un-
derstanding of the molecular basis of thyroid cancer progression is
critical for development of effective targeted therapies.

The ten-eleven translocation (TET) family comprising three members
(TET1, TET2, and TET3) is an important epigenetic modifier.6 TET
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proteins are capable of converting 5-methyl-cytosine (5-mC) to 5-hy-
droxymethyl-cytosine (5-hmC), consequently leading to DNA deme-
thylation.7 Accumulating evidence has linked TET proteins to tumor-
igenesis.8,9 For instance, Zhou et al.9 reported that knockdown of TET1
facilitates colon cancer cell migration and invasion. Both TET1 and
TET2 are deregulated in thyroid cancer.8,10 These results suggest an
involvement of TETs in thyroid cancer progression.

Long noncoding RNAs (lncRNAs) are a large family of endogenous
RNAs of >200 nt in length without protein-coding capacity.11 They
participate in a wide range of physiological and pathological processes,
such as development, immunity, inflammation, and carcinogenesis.12,13

Interaction withmicroRNAs (miRNAs), which are a class of small, reg-
ulatory, noncodingRNAs,14 represents an importantmechanismmedi-
ating lncRNA function. For instance, Wang et al.15 reported that
lncRNA differentiation antagonizing nonprotein-coding RNA
(DNACR) enhances the growth and lung metastasis of osteosarcoma
by decoying both microRNA (miR)-335-5p and miR-1972. Similarly,
Ding et al.16 demonstrated that lncRNAhomeobox transcript antisense
intergenic RNA (HOTAIR) stimulates renal cell carcinoma cell prolif-
eration and invasion via antagonizing multiple miRNAs, including
miR-138,miR-200c,miR-204, andmiR-217.Recent studies have shown
that the lncRNA long intergenic nonprotein-coding RNA, p53-induced
transcript (LINC-PINT) is downregulated in several cancers, including
colon cancer, lung cancer, breast cancer, glioblastoma, and gastric can-
cer, and exhibits an anti-invasive activity.17,18 However, the role of
LINC-PINT in thyroid cancer progression is poorly understood.

Therefore, in this work, we aimed to explore the expression pattern,
clinical significance, and function of LINC-PINT in thyroid cancer.
The miRNA partner mediating the action of LINC-PINT was further
characterized.
y: Nucleic Acids Vol. 22 December 2020 ª 2020 The Author(s). 319
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2020.05.033
mailto:doctorluxiubo@126.com
mailto:wjiaxiang@zzu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2020.05.033&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Expression and Clinical Significance of

LINC-PINT in Thyroid Cancer

(A) LINC-PINT expression in 60 paired thyroid cancer and

adjacent normal tissue samples. (B) LINC-PINT expression

in thyroid cancer cell lines. *p < 0.05 versus Nthy-ori 3-1

cells. (C) The correlations between LINC-PINT expression

level and clinicopathologic parameters of patients with

thyroid cancer.
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RESULTS
Clinical Significance of LINC-PINT in Thyroid Cancer

To explore the expression and clinical relevance of LINC-PINT in
thyroid cancer, we examined its expression in 60 pairs of thyroid can-
cer and adjacent normal tissues. Compared to corresponding noncan-
cerous tissues, LINC-PINT expression was downregulated in thyroid
cancer tissues (p = 0.0002; Figure 1A). Consistently, LINC-PINT
levels were significantly lower in the 3 thyroid cancer cell lines
(8505C, B-CPAP, and Cal62) than that in an immortalized thyroid
epithelial cell line, Nthy-ori 3-1 (Figure 1B). These results indicate
the downregulation of LINC-PINT in thyroid cancer tissues and
cell lines.

Next, we analyzed the clinical significance of LINC-PINT in thyroid
cancer. As shown in Figure 1C, low expression of LINC-PINT was
significantly associated with advanced TNM stage (p = 0.0306) and
lymph node metastasis (p = 0.0359). However, the expression level
of LINC-PINT did not differ among histological subtypes of thyroid
cancer (data not shown). These data indicate that LINC-PINT down-
regulation is linked to the progression of thyroid cancer.

LINC-PINT Overexpression Suppresses the Proliferation,

Invasion, and Tumorigenesis of Thyroid Cancer Cells

To uncover the biological function of LINC-PINT in thyroid cancer,
we overexpressed LINC-PINT in 8505C, B-CPAP, and Cal62 cells.
Real-time PCR analysis validated the overexpression of LINC-PINT
320 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
in LINC-PINT-transfected cells relative to vec-
tor-transfected cells (Figure 2A). Notably, ectopic
expression of LINC-PINT resulted in a significant
inhibition of thyroid cancer cell proliferation
(Figure 2B) and colony formation (Figure 2C).
A highly invasive cell line 8505C was used in
Transwell invasion assay. We found that the inva-
siveness of 8505C was dramatically reduced by
overexpression of LINC-PINT (Figure 2D).
Xenograft tumors formed by LINC-PINT-over-
expressing 8505C and Cal62 cells grew signifi-
cantly slower than those by vector-transfected
control cells (Figures 3A and 3B). The tumor
weight was reduced in the LINC-PINT group
compared to the control group (Figure 3C).
Immunohistochemistry staining of Ki-67 in the
xenograft tumors further demonstrated a
decrease of Ki-67-positive cells by LINC-PINT
overexpression (Figure 3D). Taken together, LINC-PINT suppresses
the growth and invasive properties of thyroid cancer cells.

LINC-PINT Interacts with and Downregulates miR-767-5p

To decipher the mechanism by which LINC-PINT exerts suppressive
effects on the aggressiveness of thyroid cancer, we sought to search
for potential targetmiRNAs of LINC-PINTusingmiRNAqPCRarrays.
Among the 84 cancer-related miRNAs tested, 6 showed differential
expression (>4-fold) between LINC-PINT-overexpressing 8505C and
control cells (Table S1). Real-time PCR analysis further validated that
miR-767-5p expression was downregulated in 8505C, B-CPAP, and
Cal62 cells after LINC-PINT overexpression (Figure 4A). However,
the other 5 candidate miRNAs were unaffected by LINC-PINT overex-
pression (data not shown). These results suggest miR-767-5p as a main
miRNA mediating the action of LINC-PINT in thyroid cancer.

Compared to Nthy-ori 3-1 cells, 8505C, B-CPAP, and Cal62 thyroid
cancer cell lines had increased levels of miR-767-5p (Figure 4B). Spear-
man’s correlation analysis revealed a negative correlation betweenmiR-
767-5p and LINC-PINT in thyroid cancer tissues (r = �0.34772, p =
0.01789; Figure 4C). To confirm the interaction between miR-767-5p
and LINC-PINT in thyroid cancer cells, we performed an anti-argo-
naute 2 (Ago2) RNA immunoprecipitation (RIP) assay. The results
showed that both miR-767-5p and LINC-PINT were enriched in
Ago2 RIP samples from 8505C and Cal62 cells (Figure 4D). Dual-lucif-
erase reporter assay demonstrated that the LINC-PINT reporter activity



Figure 2. LINC-PINT Overexpression Suppresses the

Proliferation and Invasion of Thyroid Cancer Cells

(A) Real-time PCR analysis validated the overexpression of

LINC-PINT in thyroid cancer cells transfected with LINC-

PINT-expressing plasmid. (B) Cell proliferation assay. Cells

were counted every day for 3 days. (C) Colony formation

assay. Representative images of colonies formed after

culturing for 14 days. (D) Invasion capacity of LINC-PINT-

overexpressing 8505C cells and control cells assessed

using Matrigel-coated Transwell chambers. Representative

images of invaded cells after a 24-h incubation. Scale bars,

100 mm. *p < 0.05.
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was remarkably suppressed by miR-767-5p overexpression (Figures 4E
and 4F). Mutation of the miR-767-5p binding site prevented miR-767-
5p-mediated inhibition of the LINC-PINT reporter activity. Taken
together, these data indicate the functional relationship between miR-
767-5p and LINC-PINT in thyroid cancer.

miR-767-5p Acts as an Oncogene in Thyroid Cancer

Next, we investigated the function of miR-767-5p in thyroid cancer.
Overexpression of miR-767-5p (Figure 5A) significantly promoted
Molecular Ther
cell proliferation (Figure 5B) and colony forma-
tion (Figure 5C) in vitro and tumorigenesis (Fig-
ure 5D) in vivo. In contrast, depletion of miR-
767-5p significantly decreased the proliferation
(Figure 5E) and invasion (Figure 5F) of 8505C
thyroid cancer cells. These results demonstrate
that miR-767-5p plays an oncogenic role in thy-
roid cancer.

Repression of TET2 Accounts for the

Oncogenic Role of miR-767-5p in Thyroid

Cancer Cells

It has been documented that the TET family of
genes (TET1, TET2, and TET3) includes po-
tential target genes of miR-767-5p.19,20 Next,
we checked whether miR-767-5p-mediated
oncogenic activity in thyroid cancer is ascribed
to regulation of TETs. We found that miR-
767-5p overexpression led to a selective inhibi-
tion of TET2 without affecting the expression
of TET1 and TET3 in both 8505C and Cal62
cells (Figure 6A). Overexpression of TET2
(Figure 6B) significantly reversed the effects
of miR-767-5p on thyroid cancer cell prolifer-
ation (Figure 6C) and invasion (Figure 6D). As
a control, TET1 overexpression had no signif-
icant impact on miR-767-5p-mediated onco-
genic activity (data not shown). In addition,
TET2 silencing recapitulated the phenotype
of miR-767-5p-overexpressing thyroid cancer
cells (Figures 6E–6G). These results collectively
suggest that TET2 is the main target gene
involved in miR-767-5p-mediated aggressiveness in thyroid
cancer.

LINC-PINT Exerts Suppressive Effects on Thyroid Cancer

through the miR-767-5p/TET2 Axis

Analysis of thedata fromTheCancerGenomeAtlas (TCGA)using aweb
toolGeneExpressionProfiling InteractiveAnalysis (GEPIA; http://gepia.
cancer-pku.cn/) revealed a positive correlation betweenLINC-PINTand
TET2 expression in thyroid cancer (Figure 7A). Next, we asked whether
apy: Nucleic Acids Vol. 22 December 2020 321
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Figure 3. LINC-PINT Overexpression Retards

Tumorigenesis of Thyroid Cancer Cells in Nude Mice

(A and B) Xenograft growth in nude mice (n = 4 for each

group) injected with LINC-PINT-overexpressing (A) 8505C

and (B) Cal62 cells and corresponding control cells. (C)

Xenograft tumor weight determined 4 weeks after cell in-

jection. Photographs of representative tumors are shown

(top). (D) Immunohistochemistry staining of Ki-67 in xeno-

graft tumors. Scale bar, 100 mm. *p < 0.05.
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the miR-767-5p/TET2 axis is implicated in LINC-PINT-mediated sup-
pression of thyroid cancer aggressiveness. We found that the TET2 pro-
tein level was higher in the LINC-PINT overexpression group than that
in the control group (Figure 7B). However, overexpression of miR-767-
5p reversed the elevation of TET2by LINC-PINT, suggesting that LINC-
PINT interfereswith the inhibitory effect ofmiR-767-5p onTET2.Coex-
pression of miR-767-5p rescued the inhibitory effect of LINC-PINT on
cell proliferation (Figure 7C) and invasion (Figure 7D), suggesting that
LINC-PINT suppresses the malignant behaviors of thyroid cancer cells
by antagonizing miR-767-5p. Next, we tested if LINC-PINT-mediated
antitumor activity is dependent on TET2. The results showed that the
suppressive effects of LINC-PINT on proliferation and invasion were
significantly impaired in TET2-depleted thyroid cancer cells (Figures
7E and 7F). Taken together, LINC-PINT-mediated inhibition of thyroid
cancer cell proliferation and invasion is ascribed to antagonization of
miR-767-5p and derepression of TET2.

DISCUSSION
Previous studies have documented that low expression of LINC-PINT
has a poor prognostic impact on gastric cancer and pancreatic can-
cer.18,21 In the present study, we examined the clinical significance of
LINC-PINT in thyroid cancer. Our data show that thyroid cancer tis-
322 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
sues and cell lines have significantly lower levels of
LINC-PINT than their normal equivalents. More-
over, the reduction of LINC-PINT is significantly
correlated with advanced TNM stage and lymph
node metastasis of thyroid cancer patients. These
results suggest LINC-PINT as a potential molecu-
lar target for the diagnosis and prognosis of thy-
roid cancer.

Functionally, LINC-PINT acts as a tumor sup-
pressor in thyroid cancer. We found that overex-
pression of LINC-PINT leads to inhibition of thy-
roid cancer cell proliferation, colony formation,
and invasion. In vivo studies confirmed that
LINC-PINT overexpression hampers xenograft
tumor growth of thyroid cancer cells. The anti-
cancer activity of LINC-PINT provides a biolog-
ical explanation for the clinical findings that
LINC-PINT downregulation correlates with
aggressive parameters of thyroid cancer.
Marín-Béjar et al.17 suggested that the interaction with polycomb-
repressive complex 2 (PRC2) accounts for LINC-PINT-dependent
repression of invasion-related gene sets in colon cancer. However,
when PRC2 was silenced, LINC-PINT-mediated anticancer activity
in thyroid cancer cells was not reversed (data not shown). Therefore,
we speculated that a PRC2-independent mechanism is involved in the
action of LINC-PINT in thyroid cancer. Given the common interplay
between lncRNAs and miRNAs,15,16 we investigated the key LINC-
PINT-associated miRNAs. Of note, we found that LINC-PINT over-
expression selectively decreases the expression of miR-767-5p in mul-
tiple thyroid cancer cell lines. miR-767-5p is upregulated in thyroid
cancer cells and negatively correlated with LINC-PINT in thyroid
cancer tissues. The Ago2 RIP assay suggests that both miR-767-5p
and LINC-PINT are present in the same Ago2 complex. In addition,
miR-767-5p is capable of inhibiting the LINC-PINT luciferase re-
porter activity. These results suggest that LINC-PINT antagonizes
both the expression and activity of miR-767-5p in thyroid
cancer cells.

Previous studies have revealed that miR-767-5p functions as an onco-
gene in melanoma and multiple myeloma.22,23 Consistently, we show
that ectopic expression of miR-767-5p significantly augments the



Figure 4. LINC-PINT Interacts with and

Downregulates miR-767-5p

(A) Effect of LINC-PINT overexpression on the expression of

miR-767-5p. *p < 0.05 versus vector-transfected cells. (B)

Relative expression of miR-767-5p in thyroid cancer cells.

*p < 0.05 versus Nthy-ori 3-1 cells. (C) Spearman’s corre-

lation analysis of the correlation between miR-767-5p and

LINC-PINT in thyroid cancer (THCA) tissues (n = 46). (D) RIP

assay performed with anti-Ago2 antibody in thyroid cancer

cells. Immune-precipitated RNA was tested for the abun-

dance of miR-767-5p and LINC-PINT by real-time PCR

analysis. *p < 0.05. (E) Bioinformatic analysis suggested a

putative miR-767-5p binding site in LINC-PINT. The muta-

tion of the binding site was underlined. (F) Dual-luciferase

reporter assay. 8505C cells were transfected with miR-767-

5p mimic or control miRNA together with wild-type (WT) or

mutant (mut) LINC-PINT luciferase reporters. Luciferase

activity was measured 48 h later. *p < 0.05; n.s., no signif-

icance.
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proliferation and tumorigenesis of thyroid cancer cells. In contrast,
knockdown of miR-767-5p restrains thyroid cancer cell proliferation
and invasion. Our data point toward a tumor-promoting role for
miR-767-5p in thyroid cancer. TET genes have been suggested as po-
tential targets of miR-767-5p.19,20 Here, we provide evidence that
miR-767-5p has the ability to target TET2 in thyroid cancer cells.
Depletion of TET2 causes phenotypic changes similar to those seen
in miR-767-5p-overexpressing thyroid cancer cells. Rescue studies
demonstrate that reconstitution of TET2 expression blocks miR-
767-5p-mediated thyroid cancer cell proliferation and invasion.
Therefore, an miR-767-5p-mediated aggressive phenotype in thyroid
cancer is largely ascribed to downregulation of TET2.

Compelling evidence suggests that lncRNAs can function as a sponge
of miRNAs, leading to derepression of miRNA target genes.24,25 With
Molecular Ther
the consideration that LINC-PINT and miR-767-
5p exert opposite effects on thyroid cancer pro-
gression, we hypothesized that LINC-PINT may
sponge miR-767-5p to induce the expression of
TET2. In line with this hypothesis, we found
that LINC-PINT overexpression leads to an in-
crease in TET2 protein levels, which is reversed
by miR-767-5p coexpression. TET2 has been
documented to play a critical role in tumor
progression.26,27 For instance, Bonvin et al.26 re-
ported that TET2-dependent epigenetic regula-
tion of downstream genes impairs melanoma
initiation and progression. Kunimoto et al.27 re-
ported that Tet2 loss and Nrasmutation coopera-
tively contribute to myeloid transformation.
Therefore, we speculated that derepression of
TET2 is required for LINC-PINT-mediated, sup-
pressive effects on thyroid cancer. Indeed, we
show that when TET2 is depleted, LINC-PINT-
mediated anticancer effects are rescued. Similarly, overexpression of
miR-767-5p can restore the aggressive phenotype of LINC-PINT-
overexpressing thyroid cancer cells. Taken together, LINC-PINT
can downregulate miR-767-5p and antagonize the ability of miR-
767-5p to repress TET2 in thyroid cancer cells, consequently blocking
cancer cell growth and invasion (Figure 7G).

In conclusion, our present work highlights the importance of the
interplay between LINC-PINT and miR-767-5p in regulating thyroid
cancer progression. Downregulation of LINC-PINT is associated with
an aggressive phenotype of thyroid cancer. LINC-PINT overexpres-
sion sponges miR-767-5p and relieves miR-767-5p-mediated down-
regulation of TET2, thereby eliciting anticancer effects on thyroid
cancer cells. Thus, we suggest the LINC-PINT/miR-767-5p/TET2
axis as a potential therapeutic target for treatment of thyroid cancer.
apy: Nucleic Acids Vol. 22 December 2020 323
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Figure 5. miR-767-5p Acts as an Oncogene in Thyroid

Cancer

(A) Overexpression of miR-767-5p in thyroid cancer cells

transfected with miR-767-5p-expressing plasmid. (B) Cell

proliferation assay. Cells were counted every day for 3 days.

(C) Colony formation assay. Representative images of col-

onies formed after culturing for 14 days. (D) Xenograft

growth in nude mice (n = 4 for each group) injected with

LINC-PINT-overexpressing 8505C and control cells. (E) Cell

proliferation assay. Cells transfected with anti-miR-767-5p

or anti-control inhibitors were counted every day for 3 days.

(F) Invasion capacity of 8505C cells transfected with anti-

miR-767-5p or anti-control inhibitors. Representative im-

ages of invaded cells after a 24-h incubation. Scale bars,

100 mm. *p < 0.05.
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MATERIALS AND METHODS
Patients and Tissue Specimens

A total of 60 tumor samples and adjacent normal tissues were collected
from patients with thyroid cancer who underwent surgical resection at
324 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
The First Affiliated Hospital of Zhengzhou Uni-
versity (Zhengzhou, China). Clinicopathological
informationwas retrieved from patient medical re-
cords. The cohort of patients included 43 PTC, 9
FTC, 3 ATC, and 5 MTC. Thirty-six patients pre-
sented lymph node metastasis. Thirty-one patients
were at TNM I and II and 29 at III and IV. No pa-
tient received any anticancer treatment before sur-
gery. Surgical specimens were immediately frozen
in liquid nitrogen and stored at�80�C until RNA
analysis. Written, informed consent was obtained
from each patient. The collection and application
of patient specimens were approved by theHuman
Ethics Committee of The First Affiliated Hospital
of Zhengzhou University.

Cell Lines

Human thyroid epithelial Nthy-ori 3-1 cells and
thyroid cancer cell lines (8505C, B-CPAP, and
Cal62) were cultured in RPMI-1640 medium,
supplemented with 10% fetal bovine serum
(FBS; Invitrogen, Grand Island, NY, USA) in a
humidified atmosphere of 5% CO2 at 37�C.

RNA Isolation and Quantitative Real-Time

PCR Analysis

Total RNAwas extracted from tissue samples and
cell lines using the PureLink RNA Mini Kit
(Thermo Fisher Scientific, Waltham, MA, USA).
RNA samples were reverse transcribed into
cDNA using the Superscript III Reverse Tran-
scriptase Kit (Invitrogen). Quantitative real-time
PCR assay was performed using the SYBR Green
RT-PCR Kit (TaKaRa, Dalian, China), according
to the manufacturer’s protocols. The PCR primers are as follows:
LINC-PINT: forward, 50-GCTTGGCTAGTTGGAGAGTTA-30 and
reverse, 50-CAGACTTTGCTATGTCACAGA-30; glyceraldehyde
3-phosphate dehydrogenase (GAPDH): forward, 50-ACCACAGTCC



Figure 6. Repression of TET2 Accounts for the

Oncogenic Role of miR-767-5p in Thyroid Cancer

Cells

(A) Western blot analysis of indicated proteins after

transfection with miR-767-5p-expressing plasmid or

empty vector. Numbers indicate fold change. (B) Western

blot analysis of TET2 protein after transfection with TET2-

expressing plasmid or empty vector. Numbers indicate

fold change. (C) Thyroid cancer cells transfected with

indicated constructs were tested for proliferation capacity

by direct cell counting. (D) Invasion capacity of 8505C

cells transfected with indicated constructs. (E) Western

blot analysis of TET2 protein after transfection with control

siRNA (siCtrl) or TET2-targeting siRNA (siTET2). Numbers

indicate fold change. (F) 8505C cells transfected with

siCtrl or siTET2 were tested for proliferation capacity by

direct cell counting. (G) Invasion capacity of 8505C cells

transfected with siCtrl or siTET2. *p < 0.05.
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ATGCCATCAC-30 and reverse, 50-ACCACCCTGTTGCTGTA-30.
For the analysis of mature miRNAs, total RNA was reverse tran-
scribed using the miRcute miRNA First-Strand cDNA Synthesis Kit
(Tiangen Biotech, Beijing, China) and quantified using the miRcute
miRNA qPCR Detection Kit SYBR Green (Tiangen). The relative
expression of LINC-PINT and miRNAs was normalized to GAPDH
and U6, respectively, and analyzed by the 2�DDCT method.28

Plasmids and Oligonucleotides

For gene-overexpression studies, LINC-PINT-, TET2-, and miR-767-
5p-expressing DNA fragments were cloned to the pcDNA3.1+ vector.
For generation of the LINC-PINT luciferase reporter, the LINC-
PINT-expressing fragment was amplified by PCR using the primers:
forward, 50-CTGTGCACCACACACTCCTTTC-30 and reverse, 50-
Molecular Therap
GGTGTAATGGGCTGATAGATGAC-30. The
PCR product was then cloned downstream of
the pGL3 firefly luciferase coding sequence.
Site-directed mutagenesis was performed using
the Site-Directed Mutagenesis Kit (New En-
gland Biolabs, Ipswich, MA, USA), according
to the manufacturer’s protocol. miR-767-5p
mimic, anti-miR-767-5p inhibitor, TET2-tar-
geting small interfering RNA (siRNA), and cor-
responding negative controls were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

Cell Transfection

Cell transfection was performed using Lipofect-
amine 3000 (Invitrogen), following the manu-
facturer’s protocol. To generate stable cell lines,
transfected cells were selected with G418
(600 mg/mL; Sigma-Aldrich) for 2–3 weeks.

Cell Proliferation Assay

Cells were seeded into 12-well plates (4 � 105
cells/well) and allowed to grow for 3 days. Cells were counted every
day, and growth curves were plotted.

Colony Formation Assay

Cells were plated into 6-well plates at a density of 500 cells/well and
cultured for 14 days. Colonies were stained with crystal violet and
then counted.

Transwell Invasion Assay

Transwell invasion assay was performed as described previously.29

Transwell chambers (8 mm pore size) in a 24-well plate were used
this assay. 1 � 105 cells suspended in RPMI-1640 medium without
FBS were seeded into the upper insert, whereas the lower insert
was filled with fresh complete medium containing 10% FBS. After a
y: Nucleic Acids Vol. 22 December 2020 325
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Figure 7. LINC-PINT Exerts Suppressive Effects on

Thyroid Cancer through the miR-767-5p/TET2 Axis

(A) Analysis of TCGA data suggested a positive correlation

between LINC-PINT and TET2 expression in thyroid

cancer. (B) Western blot analysis of TET2 protein after

transfection with indicated constructs. Numbers indicate

fold change. (C) Thyroid cancer cells transfected with

indicated constructs were tested for proliferation capacity

by direct cell counting. (D) Invasion capacity of 8505C

cells transfected with indicated constructs. (E) TET2-

depleted and control 8505C cells were transfected, with

or without LINC-PINT-expressing plasmid, and tested for

proliferation. (F) Analysis of the invasion of 8505C cells

transfected with indicated constructs. *p < 0.05. (G)

Schematic model of LINC-PINT function in thyroid cancer

growth and invasion. LINC-PINT induces TET2 through

suppression of miR-767-5p expression and activity,

leading to inhibition of thyroid cancer growth and invasion.
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24-h incubation, invade cells were fixed, stained with crystal violet,
and counted.

Mouse Experiments

All animal experimentswere conducted in accordancewithnational and
international guidelines and approved by the Animal Care and Use
InstitutionalReviewBoardofTheFirstAffiliatedHospital ofZhengzhou
University. 6-week-old female BALB/c nude mice were housed in spe-
cific pathogen-free conditions on a 12-h light/dark cycle with free access
to food andwater. Stably transfected 8505C andCal62 cells were subcu-
taneously injected intonudemice (3� 106 cells/mouse). Eachgrouphad
4mice. Tumor sizewas recorded every week using a caliper. Tumor vol-
umes were calculated based on the following formula: volume = (L �
W2)/2, with length (L) being the largest diameter (in millimeters) and
width (W) being the smallest diameter (in millimeters). Animals were
326 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
sacrificed after 4 weeks, and tumor weights were
recorded. Tumor tissues were processed for
immunohistochemistry using anti-Ki-67 anti-
body (Sigma-Aldrich). Nuclei were counter-
stained with hematoxylin.

RIP Assay

An Ago2-based RIP assay was conducted as
described previously.30 Briefly, cells were sus-
pended in RIP buffer supplemented with prote-
ase/RNase inhibitors (Sigma-Aldrich). The cell
lysate was mixed with anti-immunoglobulin G
(IgG; negative control) or anti-Ago2 antibody
(Sigma-Aldrich) conjugated with Protein A/G
magnetic beads. The immune-precipitated
RNA was purified and subjected to quantitative
real-time PCR analysis.

Dual-Luciferase Reporter Assay

A luciferase reporter assay was performed as

described previously.29 Briefly, 8505C cells were transfected with
miR-767-5p mimic or control miRNA, together with LINC-PINT
luciferase reporters (wild type or mutant). After culturing for 48 h,
luciferase activity was measured using the Dual Luciferase Reporter
Assay Kit (Promega, Madison, WI, USA). Renilla luciferase-encoding
plasmid was cotransfected to control for transfection efficiency.

Western Blot Analysis

Cells were lysated in radioimmunoprecipitation assay lysis buffer
supplemented with a protease inhibitor cocktail (Sigma-Aldrich).
Protein samples were separated on sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and transferred to polyvinylidene difluoride
membranes. The membranes were blocked with 5% fat-free milk at
room temperature for 2 h, followed by overnight incubation with pri-
mary antibodies at 4�C. The primary antibodies included: anti-TET1,
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anti-TET2, anti-TET3, and anti-GAPDH (all fromNovus Biologicals,
Littleton, CO, USA). The membranes were then incubated with sec-
ondary antibodies (Cell Signaling Technology, Waltham, MA, USA).
Signals were visualized using the Pierce Enhanced Chemilumines-
cence (ECL) Western Blotting Substrate (Thermo Fisher Scientific,
Rockford, IL, USA).

Statistical Analysis

Data are presented as the mean ± standard deviation (SD) and
analyzed by the Student’s t test or one-way analysis of variance
with Tukey post hoc test. The difference in LINC-PINT expression
between thyroid cancer and adjacent normal tissues was determined
using the Mann-Whitney U test. The chi-square test was used to
analyze the relationship between LINC-PINT expression and clinico-
pathologic parameters of thyroid cancer. The correlation between
LINC-PINT and miR-767-5p expression was assessed with Spear-
man’s correlation analysis. A value of p < 0.05 was considered statis-
tically significant.
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