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Purpose: The incidence rate of thyroid cancer, the most common endocrine malignancy, has

increased rapidly over the past 10 years. However, the fundamental molecular mechanisms

underlying the malignant progression of thyroid cancer are unclear.

Materials and methods: Firstly, quantitative real-time PCR analysis and Western blot

analysis were used to investigate the expression of Cbp/p300 interacting transactivator with

Glu/Asp rich carboxy-terminal domain 1 (CITED1) in papillary thyroid carcinoma (PTC)

cell lines. Then, we investigated the effects of CITED1 knockdown on cell proliferation,

apoptosis, and invasion in in vitro and in vivo models of PTC.

Results: CITED1 was upregulated in PTC cell lines, and CITED1 knockdown significantly

suppressed the proliferation, migration, and invasion of K1 cells resulting in a G0/G1 phase

block. Furthermore, the silencing of CITED1 significantly promoted cell apoptosis. In the in

vivo study, the growth speed and weight of the transplanted tumor were significantly

suppressed in nude mice infected with short hairpin RNA targeting CITED1 (CITE1-

shRNA) cells. Furthermore, we found that CITED1-shRNA activated Wnt/β-catenin signal-

ing in PTC.

Conclusion: Taken together, our findings suggest that CITED1 knockdown facilitates

apoptosis and inhibits proliferation and invasion in K1 cells via the Wnt/β-catenin signaling

pathway.

Keywords: papillary thyroid carcinoma, CITED1, proliferation, invasion, Wnt/β-catenin

signaling

Introduction
Thyroid cancer is the most common endocrine malignancy. It is estimated that by

the end of 2018 there will be 53,990 new cases of thyroid cancer and that an

estimated 2,060 people will die of this disease in the United States alone. Moreover,

the incidence of thyroid cancer in women has become the fifth highest incidence of

female tumors.1 Papillary thyroid carcinoma (PTC) and follicular thyroid carcinoma

(FTC) are the most common subtypes of thyroid cancer accounting for 90–95% of

all cases. PTC and FTC are differentiated thyroid cancers, which have a good

prognosis with appropriate surgery and radioactive iodine therapy.2,3 However, 2–

5% of these tumors will lose their differentiated status and become iodine-refrac-

tory and associated with a high mortality rate. In recent years, rapid advances in

molecular biology and genetic engineering have established gene therapy as a

viable treatment strategy in addition to the standard therapeutic approaches.4–7
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Recent studies in our laboratory have characterized the

significant overexpression of the transcriptional regulator

CITED1 in PTC.8 CITED1 was originally identified in

mouse melanoma cell lines.9 During vertebrate develop-

ment, CITED1 is expressed in progenitors of the heart,

limb, axial skeleton, kidney, and placenta. Moreover,

CITED1 may function as a key coordinator during renal

epithelial morphogenesis and is involved in mammary

gland development.10 Several studies have shown that

CITED1 is associated with the development and progres-

sion of PTC;11–14 however, the exact mediating mechan-

isms remain unclear.

We used a lentiviral vector to block the expression of

CITED1 in K1 cells and constructed a PTC xenograft

model to investigate the effects of CITED1 and determine

whether the transcriptional regulator acts via the Wnt/β-
catenin pathway.

Materials and methods
Cell culture
Normal human thyroid cells (Nthy-ori 3-1) and human thyr-

oid papillary cancer cell lines (K1, BCPAP, and TPC-1) were

purchased from the Cell Bank at Shanghai Institute of Cell

Biology, Chinese Academy of Science (Shanghai, China).

All cell lines were cultured in Dulbecco’s modified Eagle’s

medium (DMEM; Gibco, Carlsbad, CA, USA) supplemen-

ted with 10% fetal bovine serum (FBS; HyClone, Los

Angeles, CA, USA) andmaintained a humidified atmosphere

of 5% CO2 at 37°C.

Lentivirus and transfection
Short hairpin RNA (shRNA) targeting the human CITED1

gene and non-targeting shRNAwere synthesized byShanghai

R&SBiotechnology Co., Ltd (Shanghai, China). The follow-

ing RNA interference sequence was transfected into K1 cells

to block the expression of CITED1: 5′-TGCTGTATTGG

AGATCCCGAGGAACTGTTTTGGCCACTGACTGACA

GTTCCTCGATCTCCAATA-3′. K1 cells were seeded in 6-

well plates at a concentration of 5×104 cells/well. After K1

cells seeded in 6-well plates were grown to 30% confluence,

they were infected with shRNA at multiplicity of infection

(MOI) of 50. 5 µL titers of 1×108 TU/mL shRNAwere added

to each well. Green fluorescent protein (GFP) expression was

observed using a fluorescence microscope (Eclipse Ti-S,

Nikon, Japan). 72 h after transfection, and the infection

efficiency was estimated according to the percentage of

green fluorescent chromogenic cells. Followup experiments

were conducted when the infection efficiency was above

80%. After that, the transfected cells were evaluated by

fluorescence quantitative reverse transcriptase-polymerase

chain reaction (qRT-PCR) and Western blotting analyses.

RNA extraction and qRT-PCR
Total RNAwas extracted from the xenograft tumors or cells

using TRIzol reagent (TaKaRa, Tokyo, Japan) following the

manufacturer’s protocol, reverse transcribed into comple-

mentary DNA using a PrimeScript RT-PCR kit (TaKaRa

Bio Inc., Tokyo, Japan) at 37°C for 25 min, and then

incubated at 85°C for 5 s in 20 µL reaction volume. Real-

time PCR was performed using 10 µL SYBR ®Premix Ex

Taq™ II (TaKaRa Bio, Inc.) on a C-1000TM Thermal

Cycler (Bio-Rad, Hercules, CA, USA). Actin was used as

an internal control for CITED1. Expression fold changes

were calculated using 2-ΔΔCt methods. The expression

levels were relative to the fold change in the corresponding

controls, which were defined as 1.0. The primers used in

this study were as follows: Actin forward: 5′-CCACG

AAACTACCTTCAACTCC-3′, and reverse: 5′-GTGATC

TCCTTCTGCATCCTGT-3′; CITED1 forward: 5′-TCTGC

CAAGGCTCTGAAATGAAATGC-3′, and reverse: 5′-AG

ACGGTTCCGAGACTTTACG-3′.

Western blotting analyses
The cell and xenograft tumors were lysed and liquid super-

natant was collected. The protein concentration was deter-

mined using a bicinchoninic acid assay (Beyotime, Haimen,

China). The sample proteins were electrophoresed on 12%

and 8% sodium dodecyl sulfate-polyacrylamide gel

(Beyotime) and transferred to a polyvinylidene fluoride

membrane (Beyotime) for 60 min at 100 V. Next, the mem-

branes were blocked with 5% skimmilk at room temperature

and then incubated and shaken overnight at 4°C with mouse

anti-CITED1 (1:250, Abcam, Boston, MA, USA), anti-actin

(1:5000, Proteintech, Wuhan, China), and rabbit anti-beta-

catenin (1:5000, Abcam), anti-c-myc (1:1000, Abcam), anti-

cyclinD1 (1:1000, Abcam). After washing, the membranes

were treated with goat anti-mouse antibody (1:10000,

MultiSciences, Hangzhou, China) and goat anti-rabbit anti-

body (1:4000, Proteintech) at room temperature for 1 h.

Membranes were visualized by chemiluminescence

(Thermo Fisher Scientific, New York, NY, USA) using the

ECL-advance Western blotting Detection System

(ChemiDocXRS+, Bio-Rad). Actin was used as the endo-

genous control.
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Cell proliferation assay
Cells were seeded in 96-well plates at a concentration of

1×103 cells/well with four replicate wells and cultured for

24, 48, 72, 96, or 120 h. At each time interval, 10 µL cell

proliferation assay reagent (Cell Counting Kit-8 [CCK-8];

Beijing Biodragon Immunotechnologies Co., Ltd, Beijing,

China) was added to each well, taking care to avoid the

formation of air bubbles to ensure accurate optical density

readings, and incubated at 37°C for another 1 h. Then

experimental cells were placed on a Perkin Elmer

Enspire 2300 multifunction microplate reader (Perkin-

Elmer, Waltham, MA, USA) to measure the optical density

at 450 nm.

Cell cycle and cell apoptosis analyses
The cell cycle and cell apoptosis were assessed by flow

cytometry (FACSVantage SE, Becton Dickinson, Mountain

View, CA, USA). The harvested cells were fixed in 75%

ethanol overnight at 4°C. After rinsing with phosphate-

buffered saline (PBS), the cells were incubated with

RNase at 37°C for 30 min. Then the cells were stained

with propidium iodide (PI, Beyotime) for 30 min. Annexin

V-FITC/PI double-staining (Beyotime) was used to detect

cell apoptosis. The cells were washed with ice-cold PBS

and resuspended in the binding buffer at a density of

2×106 cells/mL. Then the cells were stained with 5 μL
annexin V-FITC and 10 μL PI away from light for 15 min

at room temperature. The apoptotic rate was calculated as

the early apoptotic rate plus the late apoptotic rate.

Scratch wound healing assay
A monolayer wound-healing assay was used to assess cell

migration ability. When cells grew to 100% confluence in

the 6-well plate, straight scratches were made using a

sterile 10 µL pipette tip. The remaining cells were

washed three times to remove any cell debris and incu-

bated at 37°C in serum-free DMEM. At 0, 12, and 24 h,

three different cleared zones per well of migrating cells at

the wound front were photographed and compared. The

cell migration distance was determined by measuring the

width of the wound.

Transwell migration and invasion

experiments
We used 24-well Transwell plates with or without 8.0 µm

pore Matrigel-coated membranes (Corning, NY, USA) for

the migration and invasion experiments. Then the cells

(1×106 cells) were suspended in 100 µL serum-free

DMEM and added to the upper chamber, and 700 µL

20% FBS medium was placed in the lower chamber to

serve as a chemoattractant stimulus. After incubation at

37°C for 24 h, the cells on the upper surface of the filters

were removed using a cotton swab. The chamber was

maintained at room temperature for 30 min and then

immersed in 0.5% crystal violet containing 1% methanol

for another 30 min. The crystal violet was washed with

PBS three times. Cells on the lower chamber were counted

under a microscope in four randomly selected fields.

Animal experiments
The animal experiment was approved by the Ethics

Committee of the First Affiliated Hospital of Chongqing

Medical University. Fifteen female BALB/C nude mice

(aged 4–6 weeks) were purchased from Beijing

Huafukang Bioscience Co., Inc. (Beijing, China) and

raised in a specific-pathogen-free animal facility with con-

stant humidity and controlled temperature. Nude mice

were randomly divided into three groups and then

CITED1–shRNA cells, NC–shRNA cells, or untreated

cells were injected subcutaneously at a dose of

2×107 cells per animal for each group. Tumor volume

was measured every 3 days using a caliper. After

27 days, the nude mice were sacrificed by cervical dis-

location, and the xenograft tumors were harvested. Tumor

volume was calculated as volume (mm3) = width2(mm2)

*length (mm)/2.

Statistical analyses
The statistical tests were performed using the Statistical

Package for the Social Sciences (SPSS) statistical software

version 22 (IBM SPSS, Chicago, IL, USA). All experi-

mental data are expressed as means ± standard deviations

(SDs). The comparisons among groups were made using

one-way analysis of variance, and least significant differ-

ence t-tests were used for multiple comparisons (a=0.05 as

the level of significance). P-values <0.05 were considered

to indicate statistically significant differences.

Ethical approval
All animals were maintained and used in accordance with

the guidelines of the Institutional Animal Care and Use

Committee of the Chongqing Medical University. All of

the experimental procedures were approved by the

Chongqing Medical University ethics commission.
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Results
CITED1 overexpression in PTC cell lines

and construction of stable knockout K1

cells
Quantitative real-time PCR and Western blotting analyses of

CITED1 expression in human PTC cells and normal human

thyroid cells revealed that CITED1 was overexpressed in

PTC cells compared to normal thyroid cells (Figure 1A, B).

Furthermore, CITED1 expression in the K1 cells was rela-

tively high in the three PTC cell lines. Therefore, K1 cells

were subjected to stable transfection with CITED1-shRNA.

The expression of fluorescent protein observed by fluores-

cence microscopy was considered an indicator of transfec-

tion efficiency in K1 cells, which was more than 90% 3 days

after transfection (Figure 1C). After CITED1-shRNA trans-

fection, the expression of CITED1 in K1 cells was measured

using qRT-PCR and Western blotting analyses, which

revealed that CITED1 mRNA and protein expression

decreased significantly in the CITED1-shRNA group com-

pared to the Negative group (Figure 1D, E). Therefore, the

corresponding stable transfectants of CITED1-shRNA were

selected for further study.

CITED1 contributes to progression of

the malignant phenotype of PTC in vitro
To investigate the role of CITED1 in PTC, we examined the

effects of CITED1 knockdown on proliferation, apoptosis,

migration, and invasion in the K1 cell line. The CCK-8 assay

revealed that CITED1 downregulation significantly inhibited

cell proliferation (Figure 2D). Moreover, flow cytometric

analyses revealed that CITED1-shRNA cells were arrested

in the G0/G1 phase and the apoptosis rate was markedly

higher than those of the Negative and Control groups

(Figure 2A and B). The transwell migration (Figure 2E, G)

and invasion (Figure 2E, F) and wound healing (Figure 2C)

assays revealed a significant decrease in the number of trans-

migrated CITED1-shRNA cells compared to the Negative

and Control groups. Collectively, these findings suggest that

CITED1 plays an important role in the malignant phenotype

of K1 cells in vitro.

CITED1 contributes to progression of

the malignant phenotype of PTC in vivo
Subsequently, to further explore the effect of CITED1 on

tumor growth in vivo, xenograft tumor models were estab-

lished by injecting with K1 cells infected with CITED1-

shRNA into nude mice. After 6 days, nude mice in the

Control and Negative groups developed visible tumors, but

only four mice in the CITED1-shRNA group developed visi-

ble tumors. The subcutaneous tumors were measured every

3 days. Downregulation of CITED1 had significant effect on

tumor size (Figure 3A) and growth curve (Figure 3C).

Compared with the Control and Negative groups, the

CITED1-shRNA group had significantly smaller tumor

volumes at day 27 (Figure 3C). Subsequently, tumors were

removed and weighed, the tumor weighed significantly less in

the CITED1-shRNA group (Figure 3B). Therefore, consist

with our in vitro study, overexpressed CITED1 contributes

to PTC tumorigenesis in vivo.

CITED1 suppresses activation of the

Wnt/β-catenin signaling pathway in vitro

and in vivo
Previous studies have shown that CITED1 is closely

associated with the Wnt/β-catenin pathway in various

tumors.10,15,16 Therefore, we hypothesized that the action

shown by CITED1 in PTCs may be partially mediated

via Wnt/β-catenin signaling. We found that interference

with CITED1 increased the expression of β-catenin, c-

myc, and cyclinD1 in K1 cells and the xenograft tumors

in the CITED1-shRNA group compared to the Control

and Negative groups in vivo (Figure 4A, B) and in vitro

(Figure 4C, D). These findings suggest that CITED1

suppresses activation of the Wnt/β-catenin signaling

pathway.

Discussion
At present, the treatment options for patients with iodine-

refractory thyroid cancer are limited. Therefore, the devel-

opment of effective tumor markers and gene-targeting

therapies signal important advances in research and clin-

ical applications for thyroid cancer.7 With the development

of molecular biology of thyroid cancer, many molecular

targeted therapies have shown promising prospects.

Molecular targeted drugs can inhibit malignant biological

behavior of tumor cells at the molecular level by interven-

ing or blocking specific gene or molecular changes of

tumor cells. At the time of this writing, the FDA has

approved four different drugs targeting the Mitogen-

Activated Protein Kinase (MAPK) signaling pathway in

the treatment of advanced thyroid cancers.17,18 These

include Lenvatinib and Sorafenib for advanced, recurrent,

and radioiodine-refractory differentiated thyroid cancer
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(RR-DTC); and Cabozantinib and Vandetanib for MTC.

Significant improvement in progression-free survival

(PFS) was achieved in patients with progressive RR-

DTC using sorafenib or Lenvatinib, which were compared

with placebo. Lenvatinib, an oral multikinase inhibitor, is

the most recent drug approved by the FDA for the treat-

ment of RR-DTC.19,20

CITED1 is the first member of the CITED family of

cofactors to be found to be involved in regulating a wide

variety of CBP/p300-dependent transcriptional responses.21

CITED1 interacts with beta-catenin at the protein level and

thereby negatively regulates beta-catenin transcription.22

Furthermore, it is an oncogene in various cancers. Its over-

expression has been observed in a variety of cancers including

hepatoblastoma,Wilms’ tumor, thyroid cancer,melanoma, and

intestinal cancer; moreover, high CITED1 levels are strongly

correlated with a poor prognosis.10,15,16,23–25 Furthermore, its

overexpression in cancer cells significantly inhibits theWnt/β-

catenin pathway.10,15,16 In previous studies, we found that

CITED1 was overexpressed in PTC, and we recently showed

that CITED1 upregulation is associated with lymph node

metastasis and clinical stage;26 however, the underlying
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Figure 1 CITED1 was overexpressed in human PTC cells and showed stable silencing in K1 cells. CITED1 mRNA and protein levels in Nthy-ori 3–1, K1, BCPAP, and TPC-1
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molecular mechanism remains unclear. To further clarify the

role of CITED1 in PTC, we constructed a shRNA lentiviral

vector to knock down the expression of CITED1 in K1 cells.

We investigated the role of CITED1 in PTC K1 cell lines.

We hypothesized that abnormal expression of CITED1 was

closely correlated with the pathological processes of PTC

including proliferation, migration, invasion, and apoptosis.

We found that the proliferation, migration, and invasion

potential of K1 cells was significantly inhibited after silen-

cing CITED1, whereas the percentage of apoptotic cells
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significantly increased. Furthermore, the cell cycle study

revealed a G0/G1 phase block in K1 knockdown cells. The

xenograft tumors from the CITED1 knockdown cells were

consistently smaller and weighed less than those of the

Control and Negative groups. Indeed, our in vitro and in

vivo functional studies have shown that the knockdown of

CITED1 significantly impaired cell growth and decreased the

tumorigenic potential of K1 cells, suggesting that CITED1

plays an essential oncogenic role in the development of PTC.

CITED1 and the Wnt/β-catenin pathway are closely

linked in the pathogenesis of cancer.10,15,16 For example,

previous studies have implicated CITED1 as a modulator

of Wnt signaling in hepatoblastoma and possibly liver

development.15 Importantly, CITED1 modulation of Wnt

signaling may reveal targets to induce wild-type cancer

stem cell differentiation and to repress β-catenin-driven

oncogenicity.16 The Wnt signaling pathway has been

implicated in maintaining the critical, coordinated balance
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between differentiation and proliferation in multiple devel-

opmental contexts.27–31 Specifically, coordinated control

of Wnt signaling has been linked to the transcriptional

coactivators, CREB-binding protein (CBP) and P300, the

principal proteins with which CITED1 interacts.32,33

Therefore, CITED1 may participate as a coregulator in

the modulation and balance of CBP/β-catenin–mediated

transcription, which is critical for stem/progenitor cell

maintenance and P300/β-catenin–mediated transcription,

which in turn is important for the initiation of cellular

differentiation. Because CITED1 is a potential repressor

of the Wnt pathway, we investigated the effects of

CITED1 knockdown on Wnt pathway genes in in vitro

and in vivo studies. We showed that CITED1 knockdown

increased the expression of β-catenin, c-myc, and

cyclinD1 in K1 cells and xenograft PTC tumors, indicating

that CITED1 plays a tumorigenic role by suppressing the

Wnt/β-catenin pathway. This hyperactivation of Wnt sig-

naling appears to be mediated, at least in part, by increased

levels of dephosphorylated β-catenin. Therefore, we

showed that CITED1 knockdown increased the pool of

active β-catenin, which is consistent with the enhanced

Wnt pathway activation we observed.

In summary, our findings suggest that CITED1 may be

a useful diagnostic tool and prognostic marker for PTC. As

a novel oncogene, CITED1 plays an important role in the

development and progression of PTC by promoting malig-

nant cell proliferation via activation of the Wnt/β-catenin

signaling pathway. Although we were unable to elucidate

the CITED1 mechanism of action in PTC, our findings

provide a useful theoretical basis and experimental data for

further investigation of the precise function and molecular

mechanisms underlying CITED1 involvement in PTC.
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