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Abstract. Anaplastic thyroid carcinoma (ATC) is aggressive 
and lethal with extrathyroidal invasion, distant metastasis, and 
resistance to conventional therapies. Cancer stem cells (CSCs) 
are proposed to be responsible for high recurrence rate in 
ATC. MicroRNAs (miRNAs) have recently been found as an 
important class of cellular regulators of ATC carcinogenesis. 
Identification of CSC-related miRNAs and targets is therefore 
a priority for the development of new therapeutic paradigms. 
Patient-derived ATC cells were cultured in conditional media 
on poly-hema-treated dish. ATC CSCs were isolated and 
enriched through as a series of steps including initial isolation 
of sphere-forming CSC population, subsequent amplification 
of this CSC population in a xenograft model treated with 
cisplatin, and purification of CSCs from xenograft tumors 
followed by final enrichment using sphere-forming assays. 
Expression of CSC markers was measured by flow cytom-
etry, immunofluorescence staining, qPCR and western blot 
analyses. Expression of miRNAs in ATC-CSCs was profiled 
by microarray analysis. Proliferation and differentiation rates 
were determined based on the size of spheres formed in vitro 
and tumors formed in vivo. We successfully isolated and 
enriched an ATC-CSC population. We identified 17 miRNAs 
differentially expressed in primary ATC cells vs. ATC-CSCs, 
among which miRNA-148a was significantly downregulated 
in ATC-CSCs. Overexpression of miRNA148a in ATC-CSCs 
induced cell cycle arrest and loss of stem cell characteristics. 
In addition, we identified INO80 as a target gene of miR-148a. 
The expression of INO80 was upregulated in ATC-CSCs 
and downregulated upon miRNA-148 overexpression. 
Overexpression of miRNA-148a and knockdown of INO80 

acted synergistically to decrease the expression of stem cell 
marker genes as well as to attenuate stem cell-specific proper-
ties including the ability to form tumors. This study identified 
novel contrasting roles for miR-148a and INO80 in the regu-
lation of the stemness of ATC-CSCs and their capacity to 
initiate tumor formation. Our findings may open a new avenue 
for therapeutic development against ATC that targets INO80 
in the CSCs through enhancing miRNA-148a levels.

Introduction

Thyroid cancer has increased rapidly in recent decades. 
Anaplastic thyroid carcinoma (ATC) is the most aggressive 
type in thyroid malignancies with extra thyroidal invasion, 
distant metastasis, and resistance to conventional therapies. 
Accordingly, 90% of patients with ATC die within 6 months 
of diagnosis, accounting up to 14-39% of all thyroid cancer
related deaths annually (1). ATC is derived from pre-existing 
or coexisting papillary or follicular thyroid cancer cells 
through the sequential accumulation of genetic mutations 
during the proliferation of mature thyroid follicular cells (2). 
In many cases, patients with ATCs also harbor a pre-existing 
or coexisting well-differentiated thyroid cancer of follicular 
origin. These events are accompanied by a dedifferentiation 
process that occurs as the cancer cells acquire the neoplastic 
phenotype, with a marked epithelial to mesenchymal transi-
tion (3).

Attempts to identify biological markers that would facili-
tate targeted therapy have led to the realization that thyroid 
cancer might originate from cancer stem cells (CSCs). Though 
self-renewal and differentiation capacity are hallmark traits of 
normal stem cells, CSCs are found to also possess the high 
proliferative capacity and phenotypic plasticity (4). These 
similarities have given rise to the hypothesis that the CSCs 
are a subpopulation of cancer cells possessing tumor-initiating 
capability (5-7). In light of several pivotal studies, the exis-
tence of ‘stem-like’ cells or CSCs has been demonstrated in 
various types of solid cancer including ATC (8-15). Further 
studies have shown that CSCs possess typical characteristics 
of normal thyroid stem cells and are thought to give rise to all 
ATC cells.

Existing evidence suggests that the present treatments of 
ATC may not be effective at targeting ATC-CSCs (15,16). 
Whether CSCs simply are tumor cells at undifferentiated stage 
remains undetermined, one key molecular characteristic of 
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CSCs is their capability of extensive proliferation and spher-
ical clone formation in suspension culture conditions (17). To 
better understand the mechanisms underlying the involvement 
of CSCs in ATC, vigorous effort has been devoted to the isola-
tion of putative CSCs. Tumor sphere-forming assays have been 
widely applied to identify potential CSC populations (18). 
CSCs can also be isolated using flow cytometry according to 
the expression of specific cell surface markers, such as CD133 
and CD44 (19,20). Both methods, however, are technically 
challenging, laborious and time-consuming with varying 
degrees of success. In this regard, this study has established a 
new experimental strategy to reliably isolate and enrich CSC 
population in ATC cells.

MicroRNAs (miRNAs) are a class of endogenous 
noncoding small RNAs playing important roles in tumor 
formation (21-23). Recent evidence suggests that many 
miRNAs are functionally linked to the carcinogenesis of ATC 
due to their roles in regulating the target genes involved in 
different cell signaling pathways (24-26). By using the isolated 
CSCs as a model, we screened the miRNA expression profiles 
and identified miRNA-148a and its target INO80 as important 
regulators of the stem cells characteristics of ATC-CSCs. 
Furthermore, our functional analysis provided evidence 
demonstrating that the inversed expression of microRNA-148a 
and INO80 is critical for CSCs to maintain their proliferative 
and tumor-forming capacity.

Materials and methods

Cell culture. The tumor tissues were obtained from 15 female 
patients (pathological and clinical features are shown in Table I) 
with biopsy-diagnosed anaplastic thyroid carcinoma. These 
patients had received chemotherapy followed by modified 
radical thyroidectomy. Written informed consent was obtained 
from each individual, which was approved by the Biomedical 
Research Ethics Committee of Affiliated Zhongshan Hospital 
of Fudan University (no. 201102). All samples were received 
in the laboratory within 20 min of surgery and immediately 
mechanically disaggregated, then digested with 0.25% trypsin-
EDTA for 15 min. Disaggregated tumor cells were cultured in 
RPMI-1640 supplemented with 10% fetal bovine serum (FBS; 
Gibco, Grand Island, NY, USA), 2 mM glutamine, 100 U/ml 
penicillin, and 100 µg/ml streptomycin (all from Cambrex, 
Walkersville, MD, USA). At 80% confluence, cells were treated 
with 40 µmol/l cisplatin (Sigma) and 10 µmol/l paclitaxel 
(Sigma) for 24 h. Drug-resistant cells were maintained and 
subcultured with 0.25% trypsin-EDTA for 1-2 min at 37˚C. 
The selected cancer cells were then cultured under stem cell 
conditions by resuspension in serum-free DMEM/F12 supple-
mented with 5 µg/ml insulin (Sigma-Aldrich, St. Louis, MO, 
USA), 10 ng/ml human recombinant epidermal growth factor, 
10 ng/ml basic fibroblast growth factor (both from Invitrogen, 
WA, USA), 12 ng/ml leukemia inhibitory factor (Gibco), and 
10 ng/ml noggin. Cells grown under these conditions formed 
non-adherent mammospheres after enzymatically dissociated 
with 0.25% trypsin-EDTA for 1-2 min at 37˚C every three 
days.

Animals. NOD-SCID nude mice, 4 weeks of age, were 
purchased from Shanghai Laboratory Animal Co. Mice 

were kept under pathogen-free conditions according to the 
standard guidelines of the Institutional Animal Care and Use 
Committee.

Chemoresistant tumor model. Chemoresistant tumor models 
established in this study were approved by the Biomedical 
Research Ethics Committee of Affiliated Zhongshan Hospital 
of Fudan University (no. 201113). Subcutaneous xenografts 
were established with mammospheres obtained as above. 
Indicated dissociated cell numbers from mammospheres were 
injected subcutaneously into the mammary fat pads of female 
BALB/c-nu/nu mice. Cisplatin treatments started once the 
size of the xenograft reached 5 mm in diameter. Mice were 
randomly assigned to four groups (each n=3), treated with 
cisplatin intraperitoneally at 0, 1, 2 or 4 mg/kg every 4 days for 
4 weeks. The tumor volume was calculated as follows, tumor 
volume (mm3) = L x W2  x 0.4. Mice were sacrificed by cervical 
dislocation. Tumor xenografts were harvested, weighed and 
underwent immunohistochemical (IHC) analysis. The pres-
ence of tumors was confirmed by necropsy.

Lentiviral vector production. Oligonucleotides encoding 
miR148a pre-miRNA was synthesized according to previ-
ously published sequences and cloned in the lentiviral vector 
(lenti‑mir). ShRNA target INO80 were cloned into PLKO.1 
lentiviral vector. Lentiviral vectors were produced by transient 
transfection of 293T cells. Briefly, the transfection mixture 
consisted of 20 µg lentiviral vectors, 10 µg pSPAX and 5 µg 
pMD2.G (kindly provided by Didier Trono). The volume of 
mixture was adjusted to 250 µl with H2O. Then 250 µl of 
0.5 M CaCl2 was added to the solution. Subsequently 500 µl of 
2X HeBS (0.28 M NaCl, 0.05 M HEPES, 1.5 M Na2HPO4) was 
added. The final solution was left to incubate for 30 min. The 
culture dishes were placed into a 37˚C humidified incubator 
with 5% CO2. Fourteen hours later the medium was aspirated 
and 10 ml of fresh DMEM-10% FBS, prewarmed to 37˚C, 
was gently added. Cultures were further incubated for 28 h, 
after which virus was collected. Concentrated supernatants 
were titrated with serial dilutions of vector stocks on 1x105 
HeLa cells followed by fluorescence-activated cytometric 
analysis (Beckton-Dickinson Immunocytometry Systems). 
Titer of lenti-EGFP vectors were calculated to be between 
0.1-1x109 TU/ml according to the formula: 1x105 HeLa cell x 
% EGFP-positive cell x 1,000/µl virus (data not shown).

Quantitative reverse transcription PCR and mRNA expres-
sion analyses. Total RNA from samples was harvested 
using TRIzol (Invitrogen) and miRNeasy mini kit (Qiagen) 
according to the manufacturer's instructions. RNA quantity 
was measured using the NanoDrop 1000. The samples were 
then labeled using the miRCURY™ Hy3™/Hy5™ Power 
labeling kit and hybridized on the miRCURY™ LNA Array 
(v.18.0). Replicated miRNAs were averaged and miRNAs with 
intensities ≥30 in all samples were chosen for calculating the 
normalization factor. Expressed data were normalized using 
the median normalization.

Total RNA was extracted from cells using Trizol reagent 
(Invitrogen) and treated with DNase I (Promega), according to 
the manufacturer's instructions. Then the cDNA was synthe-
sized using SuperScript II reverse transcriptase (Invitrogen). 
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For quantitative gene expression analyses, cDNA was subjected 
to PCR amplification using Sybr Green I (Invitrogen) and the 
ABI Prism 7700 system (Applied Biosystems, Foster City, 
CA, USA) for real-time detection of PCR products. The house-
keeping gene 18S RNA served as the internal reference and 
was amplified parallel to the gene of interest for every template, 
in a separate reaction tube. Mean mRNA ratios, representing 
gene expression relative to the b-Gus reference gene, were 
calculated as the means of five individual mRNA ratios 
assessed in five independently performed PCR reactions. 
The primer sequences of all genes for PCR are as follows: 
18S, 5'-CGTTGATTAAGTCCCTGCCCTT-3'; 5'-TCAAGTT 
CGACCGTCTTCTCA-3'. CD133, 5'-TGGATGCAGAACT 
TGACAA-3'; 5'-ATACCTGCTACGACAGTCGTG-3'. SOX-2, 
5'-CCTGGCAGCTGGAAGACAAAT-3'; 5'-TCCTCCAAA 
TGCAATCACAG-3'. OCT-4, 5'-GGCCCGAAAGAGAAA 
GCG-3'; 5'-ACCCAGCAGCCTCAAAATCCTC-3'. Nanog, 
5'-GGGCCTGAAGAAAACTATCCA-3'; 5'-TGCTATTCTTC 
GGCCAGTT-3'. CD44, 5'-AGATCAGTCACAGACCTGC-3'; 
5'-AAACTGCAAGAATCAAAGCC-3'. CD24, 5'-TGCTCCT 
ACCCACGCAGATT-3'; 5'-GGCCAACCCAGAGTTG 
GAA-3'. CD90, 5'-TCAGGAAATGGCTTTTCC-3'; 5'-TCCT 
CAATGAGATGCCATAAGT-3'. BMI-1, 5'-CCACCTGAT 

GTGTGTGCTTTG-3'; 5'-TTCAGTAGTGGTCTGGTCT 
TGT-3'. c-MYC, 5'-AATAGAGCTGCTTCGCCTAGA-3'; 
5'-GAGGTGGTTCATACTGAGCAAG-3'. onfFN, 5'-ACGT 
GCCTGGGCAACGGAG-3'; 5'-ACTTCTGGTCGGCATC 
ATA-3'. ALDH1; 5'-CAGACGGGCTGTATGAGTATCT-3'; 
5'-ATGGAGGTTGCCAGACGAATC-3'.

Relative mRNA levels were calculated based on the 
Ct values, corrected for 18S RNA expression, according to the 
method 2-ΔΔCt. All experiments were done in triplicate.

Cell growth assay. To establish growth curves 1x105 cells were 
cultivated in a 6-cm dish and grown for the indicated times. 
Cell number was subsequently determined with the CASY1 
DT cell counter (Schaerfe Systems). For the determination of 
mitochondrial activity 1x103 cells were seeded in a 96-well 
plate and allowed to grow for 7 days. The activity of the mito-
chondrial dehydrogenases was determined using WST (Roche 
Diagnostics) according to the manufacturer's instructions. The 
results for growth kinetics and metabolic activity were derived 
from three independent cultures.

Transwell migration assay. In vitro chemotaxis was assayed 
using the HTS Transwell-96 system from Corning (Corning, 
NY, USA). Cells were serum starved overnight in serum-
free medium. 100 µl cells diluted to 75x104/ml in migration 
buffer (DMEM with 5% BSA) were added in the upper wells, 
chemoattractants diluted in a serum-free medium were placed 
to the lower wells. Cells were allowed to migrate for 48 h. 
Then migrated cells were detached, stained with CyQuant dye 
and counted using a fluorescence plate reader. All experiments 
were performed in triplicate.

Flow cytometry sorting. Flow cytometric cell sorting 
was performed using an Epics Altra f low cytometer 
(Beckman Coulter, Fullerton, CA, USA). The antibodies 
used for cell sorting were anti-CD44-FITC and anti-CD24-PE 
(Pharmingen, Franklin Lakes, NJ, USA). The cells were sorted 
twice, purity of which was verified by flow cytometry.

Immunohistochemistry. Fixed cells or cryosections (pretreated 
with 3% hydrogen peroxide in methanol for 5 min to quench 
endogenous peroxidase activity) were washed in phosphate-
buffered saline (PBS) and then blocked for 1 h in washing buffer 
containing 5% normal goat serum (Sigma). Then the sections 
were sequentially incubated with mouse antibodies against 
PCNA and Ki67 antigen (BD Biosciences), biotinylated goat 
anti-mouse IgG and streptavidin conjugated to horseradish 
peroxidase. Diaminobenzidine (Dako Corp., Carpinteria, CA, 
USA) was used for color development. Nuclei were lightly 
counter stained with hematoxylin. Negative control slides 
were stained with isotype mouse immunoglobulin in place of 
primary antibodies.

Western blotting. Total protein was isolated from primary 
thyroid cancer, primary thyroid cancer-derived tumor stem 
cell or cells transfected with lenti-let-7a in cell lysis buffer 
(20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% 
Nonidet P-40). Protein concentration was measured using 
the Bio-Rad protein assay kit. The membrane was first 
probed with antibodies against Ras (Applied Biomaterials) 

Table I. Baseline characteristics for all patients (n=15).

Characteristics	 No. of patients

Age, years
	 <65	 10
	 ≥65	   5
Gender
	 Female	 15

Charlson-Deyo comorbidity score
	 0	 10
	 1	   4
	 ≥2	   1
Tumor size
	 <6	   7
	 ≥6	   8
Metastasis
	 Yes	   6
	 No	   9
WBC count
	 <1x1010	   9
	 ≥1x1010	   6
Chemotherapy
	 Yes	 15
Surgical margins
	 Negative	 11
	 Positive	   4
Surgery
	 Radical thyroidectomy	 15
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and HMGA2 (Sigma). After being washed extensively three 
times in TBS-T, samples were incubated in a horseradish 
peroxidase-conjugated second antibody (1:5,000) at room 
temperature for an hour, and the blot was developed with 
ECL reagents (Amersham Biosciences). Western blotting 
was conducted using standard procedures, using anti-Tg 
(Sigma), anti‑cyclin NIS (Cell Signaling Technology, USA), 
anti-TP (Cell Signaling Technology), anti‑onfFN (Sigma), 
anti-E-cadherin (Cell Signaling Technology), anti-fibronectin 
(Sigma), anti-vimentin (Cell Signaling Technology), and 
anti-INO80 (Sigma). To control for equal sample loading in 
each group, immunoblotting was performed using antibodies 
against the cytosolic marker GAPDH (1:5,000, Sigma). The 
western blotting experiment was repeated at least three times.

Statistical analysis. Data collected from each (experimental 
and control) group were expressed as the mean ±  SEM. 
One-way analysis of variance and unpaired Student's t-test 
were performed to analyze the differences between groups 
using GraphPad Prism 5 program. A P-value <0.01 was 

denoted as statistically significant between experimental and 
control groups.

Results

Patient-derived thyroid cancer cells in culture retain 
characteristics of cancer cells. Primary ATC cells were 
separated and cultured as described in Materials and methods. 
Cells from isolated clones were able to maintain original 
morphology after numerous passages in culture. Tumor forma-
tion of 1x106 p20 cells were injected into each nude mouse 
(Fig. 1A). Western blot analysis revealed notable expression 
of the thyroid cancer specific proteins such as thyroglobulin 
(Tg), thyroperoxidase (TPO), sodium/iodide symporter (NIS), 
and oncofetal fibronectin (onfFN) in passage-20 (p20) cells 
(Fig. 1B). More importantly, the p20 cells retained the capacity 
of tumor formation when subcutaneously inoculated in nude 
mice (Fig. 1C). These cells also showed similar characteristics 
of invasion (Fig. 1D, left) and migration (Fig. 1D, right) to 
those observed typically in thyroid cancer cells.

Figure 1. Cultured patient-derived thyroid cancer cells show characteristics of cancer cells. (A) Representative photomicrograph of primary anaplastic thyroid 
carcinoma cells and the passage 20 in culture. (B) The expression of thyroid cancer specific protein was measured by western blotting. (C) The tumors formed 
from CSCs were shown in nude mice. (D) Transwell migration assays for cell migration and invasion of p20 ATC cells.
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Cisplatin treatment enriches ATC-CSCs in a xenograft model. 
The workflow of ATC-CSC enrichment and isolation is illus-
trated in Fig. 2A. When grown in a suspension culture system 
with stem cell specific media and polyhema-precoated dishes, 
a subpopulation of the p20 cells displayed CSC-like properties 
as they aggregated and gradually formed spheres after 7-14 
days (Fig. 2B). To determine whether this CSC population 
could be enriched upon chemotherapy, cells collected from 
the formed spheres were implanted in nude mice to give rise 
to subcutaneous tumor formation. When the size of tumors 
reached 5 mm in diameter, the mice were injected intraperi-

toneally with various doses of cisplatin As shown in Fig. 2C, 
cisplatin treatment resulted in a dose-dependent tumor inhibi-
tion among the xenografts. When given at 4 mg/kg, cisplatin 
was able to completely abolish the tumor growth over an 18-day 
period (Fig. 2C). Subsequently, the tumor cells were collected 
from mice receiving 4 mg/kg cisplatin. The CSC population 
was expanded based upon the unique capability of its cells to 
grow and form spheres in the CSC conditional medium. The 
expression of stem cell marker genes, including OCT-4, SOX2, 
NANOG, BMI-1, CD133, CD44, C-MYC, onfFN and ALDH1, 
was found to be consistently upregulated in cells from these 

Figure 2. Cisplatin enriches the ATC-CSCs in conditional medium and a xenograft model. (A) The workflow of ATC-CSC purification and enrichment. (B) The 
morphology of spheres formed by CSCs from p20 cells in suspension culture. (C) Tumor volume in nude mice in response to varying dosage of cisplatin. Data 
are the mean ± SD of five independent experiments. (D) The mRNA expression of stem cell marker genes in spheres compared with primary cells was detected 
by qRT-PCR. *P<0.01. (E) The expression of CD133 was detected by flow cytometry. (F) Expression of CD133 was detected by immunofluorescence staining.
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spheres when compared with the p20 primary cells (Fig. 2D). 
In addition, both flow cytometry (Fig. 2E) and immunocyto-
chemistry (Fig. 2F) analyses demonstrated that these sphere 
cells expressed considerably higher levels of the stem cell 
surface marker CD133. Taking together; these results indicate 
a potent positive effect of cisplatin in enriching the ATC-CTC 
population.

Upregulated miR-148a attenuates stem cell features in 
ATC-CSCs. Next, we performed microarray analysis to 
identify specific miRNAs whose expression may be differ-
entially regulated in ATC-CSCs vs. primary ATCs. Among 
17  miRNAs that showed decreased expression in CSCs, 
miR‑148a exhibited the greatest reduction in ATC-CSCs with 
a ~150-fold decrease in expression (Table II).

To define the role of miR-148a in ATC-CSCs, we gener-
ated a recombinant lentivirus encoding miR-148a. Infection of 
ATC-CTCs with this virus resulted in a near 50-fold increase 
in miR-148a expression (Fig. 3A). Interestingly, miR-148a over-
expression induced a significant G2/M arrest in ATC-CSCs as 
revealed by propidium iodide staining (Fig. 3B). Overexpressed 
miR-148a also significantly inhibited the cell prolifera-
tion of ATC-CSCs in adherent culture condition (Fig. 3C). 
To assess the EMT status of the miR-148a-overexpressing 
cells, we analyzed expression of the EMT-related proteins 
including E-cadherin, fibronectin and vimentin. As expected, 
E-cadherin, an epithelial marker downregulated during EMT, 

Figure 3. Upregulated miR-148a suppresses stem cell features and EMT of ATC-CSCs. (A) Lentiviral expression of miR-148a was measured by qRT-PCR. 
*P<0.01, ATC-CSCs vs. miR-148a-overexpressing ATC-CSCs (ATC-CSCs-miR-148a). (B) Cell cycle analysis by PI staining. (C) Cell proliferation after plating 
in dishes. (D) The protein expression of E-cadherin, fibronectin and vimentin were measured by western blotting. (E) Immunocytochemical staining of OCT-4 
and TG in ATC-CSCs and ATC-CSCs-miR-148a.

Table II. Expression of miR-148a is drastically reduced in 
ATC-CSCs.a

Transcript ID (array design)	 logFC	 FC

hsa-miR-148a	 -7.23	 -149.60
hsa-miR-192-5p	 -5.79	   -55.37
hsa-miR-5572	 -5.67	   -50.80
hsa-miR-3653	 -5.66	   -50.62
hsa-miR-3613-5p	 -5.55	   -46.85
hsa-miR-6754-5p	 -5.13	   -35.13
hsa-miR-185-3p	 -4.77	   -27.26
hsa-miR-660-3p	 -4.76	   -27.13
hsa-miR-199b-5p	 -4.64	   -24.99
hsa-miR-6726-5p	 -4.48	     -22.30
hsa-miR-1299	 -4.47	   -22.15
hsa-miR-124-3p	 -4.37	   -20.68
hsa-miR-7152-3p	 -4.35	   -20.42
hsa-miR-92a-1-5p	 -4.11	   -17.22
hsa-miR-1290	 -4.02	   -16.17
hsa-miR-5093	 -3.96	   -15.59
hsa-miR-543	 -3.95	   -15.46

amiRNA microarray analysis shows differential expression of specific 
miRNAs in ATC-CSCs enriched in spheres. The data represent the 
average of the log2 of the ratios of ATC-CSCs/primary ATCs fluores-
cence intensity for each specific miRNA.
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was expressed at higher levels in ATC-CSCs than in ATCs. 
Overexpression of miR148a further increased E-cadherin 
in ATC-CSCs (Fig. 3D). On the other hand, expression of 
fibronectin and vimentin, two EMT-associated makers, was 
significantly suppressed in miR-148a-overexpressing CSCs 
(Fig. 3D). Moreover, immunofluorescence analysis revealed a 
decreased staining for stem cell marker OCT-4 in miR148-
overexpressing cells along with an increased staining for TG, 
a marker for differentiated cells (Fig. 3E). Collectively, these 
results suggest that miR148a may act to impede stemness in 
ATC-CSCs via downregulating EMT.

miR-148a targets INO80 in ATC-CSCs. To understand the 
mechanisms underlying the role of miR-148a, we searched for 
predicted targets of miR-148a using the Target Scan software. 
INO80, a chromatin remodeler important for endothelial stem 
cell (ESC) self-renewal, was subsequently identified as a 
potential target with high confidence score. Sequence analysis 
further showed that miR-148a could directly target the 3'UTR 
region of INO80 transcript (Fig. 4A). Overexpression of miR-
148a was sufficient to induce a significant reduction of INO80 

Figure 4. miR-148a targets INO80 and inhibitsits expression in ATC-CSCs. 
(A) Schematic representation of INO80 and miR-148a-targeted locations. 
The complementary seed sequence of miR-148a matches a sequence in 
the 3'UTR of INO80. (B) The protein expression of INO80 was measured 
by western blotting ATC-CSCs vs. miR-148a-overexpressing ATC-CSCs 
(ATC‑CSCs-miR-148a). ***P<0.01.

Figure 5. The INO80 is required for stem cell gene expression and tumor forming capability of CSCs. (A) The expression of INO80 was measured by qRT-PCR. 
*P<0.01, ATC-CSCs and vs. ATC-CSCs infected with lentivirus encoding shINO80 (ATC-CSCs-shINO80). (B) The mRNA expression of stem cell marker 
genes was detected by qRT-PCR. *P<0.01. (C) Cell migration assay. (D) Sphere formation by ATC-CSCs and ATC-CSCs-shINO80. (E) The xenograft tumors 
formed by ATC-CSCs and ATC-CSCs-shINO80. (F) Immunocytochemical staining with PCNA.
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expression in ATC-CSCs (Fig. 4B), confirming the direct 
regulation of INO80 by miR-148a in living cells.

INO80 is required for CSC gene expression and tumor forma-
tion. To determine whether INO80 regulates self-renewal 
of CSCs and the expression of stem cell-specific genes, 
we performed knockdown experiments using a lentivirus 
encoding a shRNA specifically targeting INO80 (shINO80). 
The tumor formation of 5x105 of ATC-CSCs cells, ATC-CSCs-
shINO80 were injected into nude mice, respectively, and were 
measured 2 weeks later. As shown in Fig. 5A, infection with 
such virus significantly suppressed INO80 expression in 
CSCs. Importantly, INO80 knockdown led to the downregula-
tion of various stem cell-specific factors, including OCT-4, 
SOX2, NANOG, CD133, onfFN and ALDH1 (Fig.  5B), 
suggesting that INO80 positively regulates the stem cell char-
acteristics. Transwell assays demonstrated that the migration 
of ATC-CSCs was also inhibited when transduced with the 
shINO80 virus (Fig. 5C).

To evaluate the effect of shINO80 on sphere-forming 
potentials, we cultured cells infected with or without 
shINO80 virus in a non-adhesive culture system. As shown 
in Fig. 5D, the cells unexposed to shINO80 virus were able 
to form spheres, whereas those infected with shINO80 virus 
(ATC-CSCs-shINO80) failed to do the same. Upon inoculation 
into nude mice, ATC-CSCs-shINO80 form tumors that were 

significantly smaller in size than those originated from control 
ATC-CSCs (Fig. 5E). Additionally, a significantly reduced 
staining for cell proliferation marker PCNA was observed in 
tumors from ATC-CSCs-shINO80 (Fig. 5F). Overall, these 
results suggest that the ability of ATC-CSCs to form spheres 
in vitro and tumors in vivo are both repressed upon INO80 
knockdown.

Roles of miR-148a and INO80 in tumor formation in vivo. 
Using qPCR assay, we found an inverse relationship between 
the expression of miR-148 and INO80 in primary ATC 
samples. Tumors in which miR-148a was downregulated 
exhibited increased expression of INO80, and vice versa 
(Fig. 6A and B). To explore miR-148a and INO80 as potential 
therapeutic targets in the treatment of ATC, we established 
ATC-CSC clones stably expressing either miR-148a alone or 
miR-148a with shINO80. In Tanswell assays miR-148a and 
shINO80 showed synergistic effects in inhibiting cell migra-
tion (Fig. 6C). In the nude mouse xenograft model, ATC-CSCs 
overexpressing miR-148a alone gave rise to tumors that were 
markedly smaller than those derived from control ATC-CSCs. 
Coexpression of shINO80 with miR-148a was able to further 
reduce the tumor volume (Fig. 6D). Taken together, these 
results suggest a possibility of preventing CSC-initiated tumor 
formation through combining approaches that upregulate 
miR-148a and downregulate INO80.

Figure 6. Contrasting roles of miR-148a and INO80 in tumor formation in vivo. (A) The expression of INO80 was measured in tumors with different miR‑148a 
levels by qRT-PCR. *P<0.01. (B) The expression of miR-148a was measured in tumors with different INO80 expression by qRT-PCR. *P<0.01. (C) The 
migration of ATC-CSC stable clones was measured by Tanswell assays. *P<0.01. (D) Volume of xenograft tumors formed by cells from different ATC-CSC 
stable clones. *P<0.01.
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Discussion

In this study, we have successfully purified and enriched a 
CSC population from primary ATC samples. The derived 
ATC-CSCs were capable of forming spheres in culture and 
tumors in vivo with high expression of stem cell markers. 
In our data, thyroid cancer specific proteins Tg, TPO, NIS, 
and onfFN were expressed in passage-20 cells. Moreover, 
we obtained compelling evidence that downregulation of 
miRNA-148 expression is a key feature of these ATC-CSCs. 
In line with this notion is the finding that forced expression of 
miRNA-148a induced cell cycle arrest, inhibited proliferation 
and diminished the overall stemness of ATC-CSCs.

Increasing evidence has pointed to important roles for 
miR-148a in various forms of tumors such as hepatocellular 
carcinoma, gastric cancer, pancreatic cancer and colorectal 
carcinoma (27-30). In particular, miR-148a was recently found 
to be associated with the growth, invasion and metastasis of 
tumor cells. To our knowledge, however, this study represents 
the first to demonstrate that the expression of miR-148a is 
profoundly lower in ATC-CSCs than in differentiated ATC 
cells. Although the detailed mechanisms underlying the role of 
miRNA-148a remain incompletely defined, our data indicate 
that downregulation of INO80 at least partially accounts for 
the effects of miRNA-148a overexpression in ATC-CSCs.

The INO80 protein complex was first identified in 
Saccharomyces cerevisiae for its capability of regulating 
chromatin structure (31,32). Previous RNAi screens have 
identified the INO80 complex as a novel self-renewal factor 
(33,34). INO80 belongs to the INO80 subfamily and is known 
to participate in a variety of nuclear transactions, including 
transcriptional regulation, DNA repair and DNA replication 
(35-37). A recent study provided evidence implicating an 
essential role of INO80 in the organization of the pluripotency 
network and the regulation of the pluripotent state (38). This 
study contributes to the existing knowledge by demonstrating 
that the expression of INO80 is upregulated in ATC-CSCs, 
and knockdown of INO80 can significantly decrease the 
expression of stem cell marker genes.

Several lines of evidence are supportive of INO80 being a 
direct target of miRNA-148a. Lastly, similar to that observed 
with miR-148a overexpression, both proliferative and sphere-
forming abilities of ATC-CSCs was repressed in response to 
INO80 knockdown. Data from our functional analysis further 
demonstrated that the inversed expression of miR-148a and 
INO80 is critical for ATC-CSCs to maintain their stem cell 
identity.

In conclusion, in our experiment, we found the expression 
of INO80 was downregulated upon miRNA-148 overexpres-
sion, and knockdown of INO80 can attenuate stem cell-specific 
properties. We suspect INO80 as a target gene of miR-148a. 
We will perform additional experiments to prove it. This study 
offers critical insight into a novel mechanism for the regula-
tion of proliferation and differentiation of thyroid cancer stem 
cells. Specifically, we provide evidence that miR-148a inhibits 
the stem cell characteristics of ATC-CSCs via downregulating 
the expression of INO80. Our findings highlight a potential 
therapeutic application for targeting INO80 through enhancing 
miRNA-148a in the treatment of anaplastic thyroid carcinoma. 
The results that miRNA-148a overexpression along with 

INO80 knockdown in ATC-CSCs inhibit the volume gain of 
derived tumors are in strong support of this possibility.
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