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Dicer is known to engage in regulating micro (mi)RNA biosynthesis. However, 
the role in driving thyroid carcinogenesis is unknown.
In this study, we explored the role of Dicer in the carcinogenesis of well-differentiated 
thyroid carcinoma (WDTC). Thyroid cancer complementary (c)DNA and tissue 
arrays were purchased to measure Dicer messenger (m)RNA and protein levels.  
Additionally, research into silencing Dicer1 in papillary thyroid cancer (PTC) (TPC-1), 
follicular thyroid cancer (FTC), and normal thyroid (Nthy-ori 3-1) cell lines was also 
applied to evaluate its effects on tumour behaviors. 
Dicer1 mRNA was upregulated in PTC, while the Dicer protein was overexpressed 
in PTC and FTC tissues. Suppressing Dicer led to inhibition of  cell proliferation 
in all cell lines, and repression of cell-cycle progression signatures in TPC-1 cells. 
Furthermore, p21 expression consistently increased in response to compromising 
Dicer in all four cell lines. Finally, Dicer1-knockdown TPC-1 and Nthy-ori 3-1 cells 
demonstrated nuclear phospho-H2AX staining, reduced bromodeoxyuridine incor-
poration ability, and G1 phase arrest of the cell cycle.
Collectively, Dicer expression is increased in WDTC clinical samples, and Dicer regulates 
the proliferative ability of normal and WDTC cells, at least in part, through p21-depen-
dent modulation of a cell-senescence mechanism linked to genomic instability. 

Key words: well-differentiated thyroid cancer, papillary thyroid cancer, follicular 
thyroid cancer, Dicer.

Introduction

Thyroid cancer is the  most prevalent endocrine  
tumour [1]. With the increasing utilization of thyroid 
ultrasonography to detect thyroid nodules in clinical 
settings, increasing numbers of  thyroid carcinomas 
are being detected. Primary thyroid cancers are com-

posed of  several types, including well-differentiated 
thyroid carcinoma (WDTC), poorly differentiated 
thyroid carcinoma, anaplastic thyroid carcinoma 
(ATC), and medullary thyroid carcinoma (MTC). 
Well-differentiated thyroid carcinoma, including 
papillary thyroid carcinoma (PTC) and follicular thy-
roid carcinoma (FTC), has an excellent prognosis with 
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a 5-year survival rate of approximately 85-94%, but 
with a high disease recurrence rate of about 30-39% 
[2–4]. Most PTC and FTC are frequently recognized 
to harbor genetic alterations involved in the mitogen- 
activated protein kinase (MAPK) and phosphatidy-
linositol 3-kinase (PI3K)-Akt signaling pathways.  
In the meantime, poorly differentiated thyroid can-
cer and ATC accumulate genetic variations and are 
associated with an advanced disease course and unfa-
vorable outcomes [1, 4]. On the other hand, MTC, 
derived from calcitonin-secreting C cells, accounts 
for about 4% of primary thyroid cancers. Medullary 
thyroid carcinoma is sometimes also associated with 
the  germline rearranged during transfection proto- 
oncogene and multiple endocrine neoplasia type 2, 
and should be assessed for the  possible presence 
of pheochromocytoma, hyperparathyroidism, Marfan 
syndrome, etc. [1, 4].

Micro (mi)RNA, a type of non-coding RNA with 
a short length, influences protein translation and reg-
ulates cell biological processes through binding to cor-
responding messenger (m)RNAs [5]. The RNase III 
endonuclease, Dicer, is engaged in the  critical step 
of  synthesizing mature miRNA, and is involved in 
multiple biological functions, including cell divi-
sion, migration, differentiation, immunity, etc., and 
abnormal Dicer expression could contribute to mul-
tiple human disorders [5]. Accumulating evidence 
has shown that dysregulated Dicer1 gene expression 
participates in the  initiation and progression of vari-
ous cancer types, and even affects treatment responses 
[6–9]. Recent reports showed that Dicer1 germline 
mutations can lead to Dicer1 syndrome, which con-
tributes to susceptible individuals developing benign 
and malignant thyroid tumours from infancy [10]. 
At the same time, Dicer1 germline and somatic mu-
tations may also be associated with the  occurrence 
of benign thyroid lesions and thyroid cancer [11–15]. 
Although the  underlying mechanisms remain un-
clear, these clinical findings suggest that dysregu-
lation of  Dicer-dependent signaling pathways may 
contribute to aggressive features of thyroid pathology. 
Nevertheless, the precise role of Dicer1 in initiating or 
modulating thyroid cancer evolution remains contro-
versial. By utilizing cell experiments, Ramirez-Moya  
et al. [16] described how Dicer may exert a tumour-sup-
pressive function in the pathogenesis of thyroid cancer, 
and downregulation of Dicer1 gene expression could 
promote thyroid cancer aggressiveness. On the  con-
trary, another in vitro study showed the oncogenic po-
tential of thyroid cancer and described how Dicer1 gene 
silencing could repress cell proliferation [17]. 

Given these conflicting findings, the mechanistic 
role of Dicer in the pathogenesis of WDTC still re-
mains unclear. Therefore, this study aimed to examine 
the  expression of  Dicer in clinical thyroid tumours 
and to explore its functional significance in thyroid 

cancer cell proliferation and senescence. We evaluated 
differential expressions of Dicer mRNA and protein 
levels between WDTC and normal tissues, and as-
sociations of  Dicer with clinical parameters were 
determined. Moreover, gene-silencing experiments 
were used in WDTC and normal thyroid cell lines 
to elucidate the possible role of Dicer in modulating 
malignant behaviors.

Material and methods

Thyroid cancer specimens

A  TissueScan complementary (c)DNA microar-
ray including 5 normal thyroid, 4 FTC, 4 Hürthle 
cell carcinoma (HCC), 1 ATC, 1 Hürthle cell ade-
noma, 1 MTC, and 32 PTC tissues at various clin-
ical stages was purchased from OriGene Technolo-
gies (HTRT101, Rockville, MD, USA). In addition, 
a thyroid cancer tissue array was acquired from Super 
Biochip (CT1-L26, SuperBioChips Laboratories, 
Seoul, Korea), which included 9 normal thyroid,  
8 FTC, 1 ATC, and 41 PTC samples at different stages 
and with different pathological features. However,  
as 3 normal and 4 PTC tissues were lost, therefore, 
only 6 normal thyroid and 37 PTC tissues were an-
alyzed. The staging of thyroid cancer in the cDNA 
and tissue arrays was based on the cancer staging sys-
tem published by the 7th American Joint Committee 
on Cancer [18]. This study did not involve either hu-
man participants or animal experiments.

Cell culture and transfection

Papillary thyroid cancer (TPC-1) and FTC (FTC-133 
and FTC-236) cell lines, as well as a  normal thy-
roid cell line (Nthy-ori 3-1; Nthy), were used in this 
study. Cell line authentication was performed on  
26 November 2025 using short tandem repeat (STR) 
profiling (GenePrint 24 System, Tri-I Biotech, Inc., 
New Taipei City, Taiwan), confirming that all cell lines 
showed a 100% match to their reference STR pro-
files. In addition, all cell lines were routinely tested 
for mycoplasma contamination using a  polymerase 
chain reaction (PCR) based mycoplasma detection 
kit, with the most recent test performed on 21 No-
vember 2025. Scrambled and two Dicer1 short-hairpin 
(sh)RNA constructs were obtained from the National 
RNAi Core Facility (Institute of Molecular Biology/
Genomic Research Center, Academia Sinica, Taipei, 
Taiwan). After puromycin selection (Invitrogen, San 
Diego, CA, USA), all cells were routinely cultured in 
Dulbecco’s modified Eagle medium (DMEM; Invit-
rogen, Carlsbad, CA, USA) supplemented with 10% 
fetal bovine serum (FBS) in a humidified incubator 
containing 5% CO2 at 37°C. The  sequence of  the  
Dicer1-KD1-shRNA oligonucleotide was 5’-CCG-
GGCTCGAAATCTTACGCAAATACTCGAG-
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TATTTGCGTAAGATTTCGAGCTTTTTG-3’, and 
that of the Dicer1-KD2-shRNA oligonucleotide was 
5’-CCGGGCTGGCTGTAAAGTACGACTACTC-
GAGTAGTCGTACTTTACAGCCAGCTTTTTG-3’.

Transcriptome profile analysis and transcript 
quantification

Cellular RNA was isolated using a GENEzolTM 
TtiRNA Pure Kit (Geneaid, New Taipei City, Taiwan), 
and first-strand cDNA (GoScriptTM Reverse Transcrip-
tion Mix, Oligo(dT), Promega, Madison, WI, USA) 
was prepared as previously described [19]. A quanti-
tative PCR (qPCR) of target genes and housekeeping 
genes (b-actin [actin] or hypoxanthine-guanine phos-
phoribosyltransferase [HPRT1]) was performed using 
a mixture of 20 µl of buffer containing cDNA, SYBR 
green reagent (BIOTOOLS, Taipei, Taiwan), and each 
of the forward and reverse primers (6 µM). Mixtures 
were amplified in a real-time PCR instrument under 
the  following conditions: initial step at 50°C for  
2 min, followed by 95°C for 15 min and 45 cycles 
of melting at 95°C for 15 s, annealing at 55°C for 
30 s, and extension at 72°C for 30 s. In each exper-
iment, dissociation curves were performed to check 
the absence of nonspecific amplification and primer- 
dimer formation. The quantity of each product was 
measured using the formula −DCt, where DCt = Ct 
(target) – Ct (actin or HPRT1). Supplementary Table SI 
displays the sequence of each paired primer.

To delineate the possible role of Dicer in inducing 
or promoting thyroid cancer, RNA samples were 
extracted from normal control (NC) and KD2 
groups of the TPC-1 cell line. RNA library creation 
and sequencing were customized by Tools Biotech 
(BIOTOOLS). RNA-sequencing (RNA-Seq) data 
were collected using Expander 7 software [20]. Differ-
ential expressions of pre-established gene sets between 
the NC and KD2 groups were analyzed by the gene 
set enrichment assessment (GSEA) program. We first 
generated two ranked gene lists by obtaining multi-
ples of change of these annotated genes in the KD2 
group compared to the NC group, the GSEA pro-
gram was subsequently utilized to determine possible 
activation or suppression of  tumourigenic pathways 
in the KD2 group compared to the NC group. Hall-
mark gene sets available in the Molecular Signature 
Database (http://software.broadinstitute.org/gsea/
msigdb) were used for further analysis. Analyzed 
gene sets with a  normalized p (Norm p) value of  
< 0.05 and a false discovery rate of < 0.05 were con-
sidered to exhibit significant enrichment.

Immunostaining

Immunohistochemical staining of  Dicer (anti- 
Dicer antibody, 1 : 200; ab259327, Abcam, Cam-
bridge, UK) in thyroid tissues was performed us-

ing the Novolink Polymer Detection System (Leica 
Biosystems Newcastle Ltd., Newcastle, UK) as per 
the manufacturer’s protocol. Immunofluorescence (IF) 
staining of phosphorylated histone H2A histone fami-
ly member X (anti-phopho-H2AX antibody; AP0099, 
ABclonal Technology, New Taipei City, Taiwan) was 
performed in eight-well glass chamber slides. After 
seeding 1 × 103 cells/well for 48 h, cells were fixed 
with 4% buffered paraformaldehyde, endogenous per-
oxidase activity was blocked and quenched, and an 
anti-phospho-H2AX antibody with 1 : 200 dilution 
was added. Subsequently, an FITC-conjugated goat 
anti-rabbit IgG and 4’,6-diami-dino-2 phenylindole 
(Vector Labs, Burlingame, CA, USA) was applied, 
and slides were observed by IF microscopy (Olympus 
CKX53 inverted microscope, Olympus Corporation, 
Tokyo, Japan).

Live/dead cell viability assay

Cells were seeded at 2 × 103 cells/well in 96-well 
plates, and the cell growth status was assessed with 
a  live/dead cell viability assay every 24 h for up to 
3 days. A  MasterMix solution (50 ml containing  
40 ml ethidium homodimer-1 [EthD1]), 8 ml 
Hoechst 33342 (20 mM), and 2 ml culture medium) 
was added to each well that contained 150 ml of me-
dium to a final volume of 200 ml. Plates were incu-
bated in the dark at room temperature for 30 min. 
Live cell counts (Hoechst+EthD-1- cells), dead cell 
counts (Hoechst+EthD-1+ cells), and total cell counts 
(Hoechst+ cells) were determined with the  Image- 
Xpress Pico Automated Cell Imaging System (Mo-
lecular Device, San Jose, CA, USA). Cell viability 
(%) in the  live/dead cell viability assay was defined 
as (live cell counts/total cell counts) × 100%. Cell 
viability was also confirmed every 24 h by a colori-
metric method of the CellTiter 96® AQueous One 
Solution Cell Proliferation Assay (3-(4,5-dimethylth-
iazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium – MTS) (Promega, Mad-
ison, WI, USA). After 48 h culture, 20 μl of MTS 
reagent was added to each well and incubated for 2 h at 
37°C. The absorbance was measured at 490 nm using 
a  microplate spectrophotometer (SpectraMax 190;  
Molecular Devices, Sunnyvale, CA, USA). Cell viabil-
ity was calculated relative to the control group. 

Colony-formation assay

Cells were seeded at 500 cells/well in six-well 
plates in cell medium with 10% FBS for 14 days at 
37°C. Methanol (1 ml) was added to each dish for  
3 min, crystal violet was added, and then the results 
were photographed. The colony size was determined 
as (total colony area/entire area) × 100% using  
ImageJ bundled with 64-bit Java 8 software (https://
imagej.nih.gov/ij/download.html).
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Wound-healing assay (cell-migration assay)

A wound-healing assay was performed by a doc-
umented method [21]. The  wound-healing assay 
was performed by seeding 2 × 104 cells into each 
wound-produced culture insert (400 ±50 μm, ibidi) 
and incubated overnight. The culture insert was re-
moved after appropriate cell attachment and washed 
twice with phosphate-buffered saline (PBS), and 
10% FBS medium was added. Cell migration toward 
the wounded area was observed (Olympus CKX53 
inverted microscope, Olympus Corporation, Tokyo, 
Japan) and photographed at different times for 17 h.

Western blot analysis

Cells was first treated with lysis buffer, contain-
ing 50 mM Tris-HCl (pH 7.4), 0.1 mM EDTA,  
0.1 mM ethylene glycol tetraacetic acid 12 mM 
β-mercaptoethanol, 1 mM phenylmethylsulfonyl flu-
oride (PMSF, Sigma, St. Louis, MO, USA), 1 ml/ml 
aprotinin, and 1 mg/ml leupeptin. After centrifugation 
at 12,000 × g for 15 min at 4°C, the supernatant was 
collected, and the  protein concentration was deter-
mined using the Bradford method (BioRad, Hercules, 
CA, USA). Thirty micrograms of  tissue protein was 
separated by sodium dodecylsulfate polyacrylamide gel 
electrophoresis, and then transferred to nitrocellulose 
membranes (Millipore, EMD Millipore Corp., Billerica, 
MA, USA). After blocking with blocking solution con-
taining 5% skim milk and 1% bovine serum albumin in  
0.1 M PBS, the membrane was probed with primary 
antibodies. The primary antibodies used are listed 
as the followings: anti-Dicer antibody (1 : 200; 
ab259327, Abcam, Cambridge, UK), anti-p21 anti-
body (1 : 500; A19094, ABclonal Technology, New 
Taipei City, Taiwan);  anti-p16 antibody (1 : 1000, 
#68410, Danvers, Massachusetts, USA), anti-p53 
antibody (1 : 500; A22449, ABclonal Technology, 
New Taipei City, Taiwan), and anti-GAPDH antibody 
(1 : 5000, GTX100118,GeneTex, Irvine, California, 
USA). The membrane was subsequently incubated 
with a goat anti-rabbit antibody (Dicer, p21, p53 
and GAPDH) antibody (1 : 1000, 111-035-003, 
Jackson ImmunoResearch Laboratories, West Grove, 
USA), and anti-mouse antibody (p16, 1 : 5000. 115-
055-003, Jackson ImmunoResearch Laboratories, 
West Grove, USA). The  western blot results were 
quantified by using ImageJ bundled with 64-bit 
Java 8 software. 

Flow cytometry

The cell cycle was evaluated based on a standard 
protocol reported by Cecchini et al. [22]. After being 
released from cell synchronization for indicated time 
points, cells were harvested and fixed with cold 70% 
alcohol at 4°C for 30 min. Then cells were re-suspended 
in staining buffer containing PBS with 100 mg/ml 

RNase A  (Geneaid, RA500050; New Taipei City,  
Taiwan) and 50 mg/ml propidium iodide (PI, P4170; 
Sigma-Aldrich, Billerica, MA, USA) at 4°C over-
night, and cells were analyzed with a  Muse® Cell 
Analyzer (Merck, Darmstadt, Germany).

Bromodeoxyuridine assay

A bromodeoxyuridine (BrdU) assay was performed 
according to the manufacturer’s protocol (Roche Diag-
nostics, Mannheim, Germany) [23]. Cells were seeded 
at 5 × 103 cells/well in 96-well plates and incubated 
at 37°C. After 40 h of starvation, 10 ml of a BrdU 
labeling solution in 10% FBS was added to each 
well, and incubated at 37°C for 24 h. Later, 200 ml 
of a denaturing solution was added to each well and 
incubated at room temperature for 30 min. After re-
moving the solution, 100 ml of a detection antibody 
solution was added to each well, incubated at room 
temperature for 90 min. Cells were next treated with 
a substrate solution containing tetramethylbenzidine 
at 100 ml/well for incubation at room temperature for 
5 min, and 25 ml of a stop solution with 1 N HCl was 
added to each well. Finally, the absorbance at 450 nm 
was determined with a spectrophotometer (Spectra-
Max 190; Molecular Devices, Sunnyvale, CA, USA).

Statistical analysis

All statistical analyses were conducted using SPSS 
software, ver. 18.0 (IBM, Armonk, NY, USA). Quan-
titative values are shown as the  mean ± standard 
error or median (range). A c2 test or Fisher’s exact 
test was used to analyze associations with categorical 
data. Student’s t-test was used to assess differences in 
continuous data between two different groups. Dif-
ferences among multiple groups were determined by 
a one-way analysis of variance (ANOVA) and using 
the Bonferroni post hoc test. All statistical tests were 
two-sided, and p < 0.05 was considered significant.

Results

Differential expressions of Dicer1 mRNA and 
protein levels in normal thyroid and thyroid 
cancer tissues

In examining mRNA expression levels in a thyroid 
cancer cDNA array, Dicer1 mRNA levels were sig-
nificantly higher in PTC tissues than in NC tissues  
(p = 0.027) (Figure 1A). Meanwhile, there were no 
significant differences in Dicer1 mRNA levels between 
the FTC and HCC groups (Figures 1B, C). In addi-
tion, Dicer1 mRNA levels were associated with smaller 
changes in the tumour extent, lymph node (LN) meta- 
stasis, and staging in PTC (Figures 1D–F). 

For Dicer protein measurements in a commercial 
tissue microarray, 52 tissues in total were analyzed, 
as four PTC and three normal thyroid tissues were 
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missing. Figures 2A–D, respectively, demonstrate 
that PTC at stages I, II, III, and IV exhibited gen-
erally elevated Dicer protein levels in the cytoplasm 
compared to normal thyroid tissues, which are shown 
in Figures 2H, I, and Supplementary Figure S1A.  
At the same time, FTC at stages I and II, and ATC 
also expressed profound Dicer protein expression, as 
respectively demonstrated in Figures 2E–G and Sup-
plementary Figure S1B. However, there were no sig-
nificant correlations of Dicer protein expressions with 
PTC (Supplementary Figure S1C) or FTC staging.

Silencing Dicer1 expression suppressed cell 
viability and growth in normal thyroid and 
thyroid cancer cell lines

To further assess the  influence of  Dicer levels in 
modifying malignant behaviors in WDTC, normal 
and WDTC cell lines, including the  Nthy, TPC-1, 
FTC-133, and FTC-236 cell lines, were used for in 
vitro experiments. In addition, two divergent Dicer1 
shRNA clones, KD1 and KD2, were utilized to as-
sess the  effects on cell viability and growth. Both 
KD1- and KD2-shRNA expressing cell lines showed 
a marked decrease in Dicer1 mRNA expression com-
pared to the  scrambled clone-expressing cells in all 
four cell lines (Supplementary Figures S2A–D).  
After Dicer1 was knocked down by either KD1- or 
KD2-shRNA, even dead cell numbers increased; 
however < 1.5% of cell viability was altered (Figures 
3A–D). Meanwhile, live cell numbers were signifi-

cantly reduced in Dicer1-knockdown cells, implying 
a possible role of Dicer in regulating cell growth but 
not in promoting cell death (Figures 3A–D).

In the MTS and colony-formation assays, we fur-
ther assessed the  impact of  repression of  Dicer1 on 
the cell-growth ability of Nthy and TPC-1 cells. Both 
KD1- and KD2-shRNA-expressing Nthy and TPC-1 
cells displayed significant decreases in the  cell- 
proliferation ability, with a more profound diminution 
in KD2- than in KD1-shRNA in the TPC-1 cell line 
(Figures 4A, B). Moreover, silencing of Dicer1 in both 
Nthy and TPC-1 cells resulted in reduced colony- 
formation abilities, and KD2-shRNA also showed 
a greater reduction compared to KD1-shRNA in both 
the Nthy and TPC-1 cell lines (Figures 4C–E). Mean-
while, the cell-migratory ability did not significantly 
change after Dicer was suppressed in the  TPC-1 
and Nthy cell lines (Supplementary Figures S3A, B). 
These findings indicated that downregulation of Di-
cer led to significant suppression of cell growth but 
did not influence cell mobility in either normal or 
thyroid cancer cells.

Silencing of Dicer1 led to upregulation of p21 
mRNA and inhibition of cell cycle-related 
signatures

In order to further elucidate the possible mecha-
nisms of Dicer in regulating thyroid carcinogenesis, 
NC and KD2-shRNA-expressing TPC1 cells were ap-
plied for a transcriptomic analysis by next-generation 

Figure 1. Differential Dicer1 mRNA levels in normal and papillary thyroid carcinoma (A), follicular thyroid carcinoma (B), 
and Hürthle cell carcinoma (C), and associations of Dicer1 mRNA expression with tumour size and extent (D), lymph 
node invasion (E) and tumour staging (F)
FTC – follicular thyroid cancer, HCC – Hürthle cell carcinoma, NC – normal control, PTC – papillary thyroid cancer
Each bar indicates the mean ± standard error. p < 0.05 indicates statistical significance.
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sequencing (RNA-Seq). In the  GSEA analysis,  
after Dicer1 was knocked down by KD2-shRNA, 
several signaling pathways were inhibited, including 
the  G2M checkpoint, E2F target, Myc-target V2, 
and mitotic spindles, and results are shown in  
Table I  and Figure 5A. In the  meantime, suppres-
sion of Dicer provoked interferon a and p53 signaling 
pathways (Table I). In the meantime, multiple well-
known tumourigenic signatures, including KRAS, 

PI3K-Akt-mammalian target of rapamycin (mTOR), 
epithelial-to-mesenchymal transition (EMT), angio-
genesis, Notch, and Wnt-b-catenin, were not altered 
(data not shown).

Furthermore, RNA-Seq level alterations of  indi-
vidual genes in four depressed hallmark signatures 
after silencing of Dicer1 were analyzed. In the tran-
scriptomic profile analysis, p21 and Ki-67 RNA-Seq 
levels displayed the most significant changes among 

NC

NC NC NC
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KD2 KD2 KD2
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Figure 4. Cell proliferation after compromising Dicer in the  normal thyroid (Nthy-ori) 3-1 and TPC-1 cell lines.  
MTS results among the three clones in Nthy (A) and TPC-1 cells (B). Colony-formation results after Dicer1 (C) was si-
lenced in the Nthy (D) and TPC-1 cell lines (E) 
MTS – 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, NC – normal control, Nthy-ori – normal thyroid
Each bar indicates the mean ± standard error. *p < 0.05; **p < 0.01; ***p < 0.001. 
The red column is a scale bar = 1 cm.

Nthy-ori 3-1

MTS TPC-1
Nthy-ori 3-1

TPC-1

Nthy

TPC-1

1 cm

Colony NC KD2KD1A C

B D E

Table I. Results of a gene set enrichment assessment of Dicer1 knockdown in the TPC-1 cell line

 Altered signatures ES NES Nom p-value FDR q-value

Downregulated pathways

HALLMARK_G2M_CHECKPOINT –0.549 –2.427 < 0.001 < 0.001

HALLMARK_E2F_TARGETS –0.521 –2.3430 < 0.001 < 0.001

HALLMARK_MYC_TARGETS_V2 –0.547 –1.982 < 0.001 0.001

HALLMARK_MITOTIC_SPINDLE –0.364 –1.659 < 0.001 0.013

Upregulated pathways

HALLMARK_INTERFERON_ALPHA_RESPONSE 0.513 1.822 0.001 0.012

HALLMARK_P53_PATHWAY 0.427 1.665 < 0.001 0.044
ES – enrichment score, FDR – false discovery rate, NES – normalized enrichment score, Nom – normalized
Nom p value of < 0.05 and FDR of < 0.05 were considered significant.
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all of the analyzed markers between these two groups. 
Dicer1, p21, and Ki-67 mRNA expression levels were 
further measured using a qPCR method in different 
cell lines, and p21 mRNA increased in KD2-shRNA- 
expressing cell lines (Figures 5B, C, Supplementary 
Figures S4A, C). Meanwhile, Ki-67 mRNA signifi-
cantly decreased in KD2 shRNA-expressing Nthy, 
FTC-133 and FTC-236 cells (Figures 5B, C, Supple-
mentary Figures S4B, D). Although no significant 
differences in Ki-67 mRNA levels were observed 
between TPC-1 cells (Figure 5C), KD2-shRNA- 
expressing cells showed a slight decrease.

Blocking Dicer contributed to DNA damage, 
p21 protein upregulation, DNA synthesis 
inhibition, and cell-cycle arrest

It is known that p21 activation can lead to cell se-
nescence and further result in cell-cycle arrest, inhibi-
tion of cell division, and limits normal cell and tumour 
growth [24]. To further elucidate the role of Dicer1 
in regulating cell senescence, several key markers, 
including the  p21, p16, and p53 proteins, were 
quantified. In the basal condition, TPC-1, FTC-133, 
and FTC-236 cells showed greater Dicer protein  
expressions than Nthy cells (Figure 6A). Meanwhile, 
the  p21 protein was more abundant in Nthy and 
TPC-1 cells than in FTC-133 and FTC-236 cells 
(Figure 6A), but the p16 and p53 proteins were un-
detectable in the  TPC cell line (Figure 6A). After 
silencing Dicer1, consistent with the  results of  p21 
mRNA expression, the p21 protein was consistently 
higher in all cells (Figure 6A). Meanwhile, there were 
no obvious differences in p16 or p53 protein levels 
between NC and KD2-shRNA-expressing cells in 
the four cell lines (Figure 6A). In addition, compared 
to NC cells, repression of Dicer1 restrained Nthy and 
TPC-1 cells to the  G1 phase in the  cell-cycle anal-
ysis (Figure 6B). Moreover, percentages of  BrdU 
incorporation also significantly decreased in Dicer1- 
silenced Nthy and TPC-1 cells, which suggested that 
DNA synthesis and entry into the S phase were also di-
minished after Dicer1 was knocked down (Figure 6C). 
In addition, an IF method was utilized to detect 
phosphorylation of  the  histone H2AX protein, 
a classic marker of DNA damage. Compared to NC 
cells, KD2-shRNA-expressing Nthy and TPC-1 cells 
demonstrated strong nuclear phospho-H2AX stain-
ing, implying that Dicer suppression led to DNA 
damage (Supplementary Figure S5). 

Discussion

Dicer plays a  crucial role in processing miRNA 
and subsequently regulates translational processes 
and further modulates cell behaviors and phenotypes. 
Dysregulated Dicer1 expression has been extensively 
investigated in multiple types of malignancies and is 

linked to tumour initiation and propagation, including 
lung, colon, oral, liver, breast cancers, etc. [6–9, 25]. 
Dicer1 germline mutation (Dicer1 syndrome) could 
be associated with the occurrence of 30 distinct neo-
plasms [26]. Reyes-Castro et al. [27] have reported 
that phosphorylated nuclear-Dicer could facilitate 
lung tumour progression in a mouse model. In ad-
dition, recent publications have shown that Dicer 
could exhibit a potential role in the R loop nucleic 
acid structure formation, and subsequently contrib-
utes to the tumourigenesis [28]. However, the effects 
of  imbalanced Dicer1 expression in thyroid carcino-
genesis are conflicting. Erler et al. [29] examined  
22 normal thyroid and 49 PTC samples, and de-
scribed that Dicer1 mRNA levels were diminished 
while Dicer protein expressions divergently increased 
in PTC samples. In addition, they also showed that 
lower Dicer1 mRNA expressions were correlated with 
clinically advanced features. In contrast, by analyzing 
thyroid tissues, including 6 normal thyroid and  
31 PTC samples, Penha et al. [17] reported that Dicer1 
transcripts were upregulated, but the  protein was 
paradoxically reduced in PTC tissues. After analyz-
ing 49 FTC and 10 normal thyroid tissues, Paulsson  
et al. [30] disclosed that both Dicer1 mRNA and Di-
cer protein levels were reduced in FTC. In the present 
study, we demonstrated that both Dicer1 transcripts 
and protein were upregulated in PTC; however,  
we showed no significant associations of  Dicer1 
mRNA or protein levels with clinical parameters.

Figure 7. The  postulated mechanism of  suppressing  
Dicer inhibits cell proliferation, partially via p21 dependent 
pathway
BrdU – bromodeoxyuridine

Dicer ↓

DNA damage (phospho-H2AX↑)

Cell senescence (G1 arrest/BrdU ↓)

p21↑

Proliferation



36

Chao-Wen Cheng, Wen-Fang Fang, Yea-Mey Yang, Jiunn-Diann Lin

The effects of Dicer in facilitating thyroid cell di-
vision also remain under debate. Two studies demon-
strated that diminished Dicer expression promoted 
cell proliferation in normal and thyroid cancer lines, 
and suggested that Dicer1 could act as a  tumour- 
suppressor gene in thyroid tumourigenesis [16, 30]. 
By contrast, Frezzetti et al. [31] showed that Dicer1- 
knockout mice had smaller-sized thyroid glands com-
pared to the control group, which indicated that Di-
cer was implicated in thyroid cell growth. In addition, 
Penha et al. [17] disclosed that Dicer exerted tumour- 
igenic activity and provoked thyroid cell growth in 
a rat thyroid and TPC-1 cell line using both loss- and 
gain-of- function techniques. Our data showed that 
after Dicer was suppressed, cell viability was consis-
tently blocked in the  Nthy, TPC-1, FTC-133, and 
FTC-236 cell lines, and the cell-proliferative capacity 
was reduced in the Nthy and TPC-1 cell lines. Our 
in vitro study results were contradictory to those by 
Ramirez-Moya et al. [16] and Paulsson et al. [30] 
which showed Dicer displays a  tumour-suppressive 
ability but in line with those reported in most cancer 
types and those reported in a publication by Penha  
et al. [17]. However, the cell-expansion analyses, in-
cluding MTS and colony-formation assays, were con-
ducted only in TPC-1 and Nthy cells; including FTC-
133 and FTC-236 in cell-proliferation assays would 
further strengthen the conclusions. Moreover, the ac-
tual mechanism of  the  discrepant results between 
the  present and other studies is unclear, and could 
possibly be attributed to intracellular Dicer levels, 
cell subtypes, tumour microenvironments, and exper-
imental methods [5, 32]. Swahari et al. [32] reported 
that partial suppression of Dicer induces oncogenesis, 
while complete Dicer1-knockout leads to extensive 
DNA damage with resultant tumour suppression. In 
addition, Penha et al. [17] also hypothesized that Dicer 
can control thyrocyte proliferation only under favor-
able intracellular Dicer levels, and divergent Dicer in-
tracellular levels after Dicer manipulation in different 
studies could have contributed to the discrepancy. On 
the other hand, evidence shows that a hypoxic environ-
ment can modulate Dicer in regulating diverse tumour 
progression or inhibition, suggesting the modulation 
of the tumour microenvironment by Dicer in regulat-
ing tumour behavior [33–35].

On the  other hand, no significant associations 
of  Dicer1 mRNA and protein levels with clinical 
manifestations in PTC, including tumour staging 
and LN metastasis, were detected in this study. In ad-
dition, the cell-migratory ability did not significant-
ly change after Dicer was suppressed in the TPC-1 
and Nthy cell lines (Supplementary Figure S3). These 
data suggest that the  fundamental role of  Dicer 
could be in promoting normal and thyroid cancer cell 
growth. Dysregulated Dicer expression could lead to 
an increased tumour load, while it may play a  less- 
important role in tumour invasiveness and metastasis 

in WDTC development, which were compatible with 
results in the  clinical specimen study. Upregulated 
Dicer in PTC and FTC tissues irrespective of  clini-
cal parameters may imply that Dicer dysregulation 
could mainly be associated with tumour initiation 
and cell proliferation during thyroid carcinogenesis, 
rather than tumour invasion and metastasis, which 
are mainly present in later stages. Therefore, the find-
ings from specimens and cell experiments might also 
imply the therapeutic potential of Dicer suppression 
in managing WDTC. Optimally blocking Dicer ex-
pression in WDTC at the early stage rather than at 
the late stage by developing a Dicer inhibitor could 
suppress tumour growth in clinical settings.

In the  transcriptomic next-generation sequenc-
ing analysis, we observed that the top two indicators 
changed most profoundly among all biomarkers after 
Dicer-suppressed TPC1 cells exhibited p21 upregu-
lation and Ki-67 downregulation. Interestingly, both 
p21 and Ki-67 are known to be linked to regulation 
of the cell cycle, cell senescence, and cell replication, 
and elevated p21 together with diminished Ki-67 
highly implies that inhibiting Dicer contributed to 
cell-cycle interruption, cell-growth arrest, and pos-
sibly to cell senescence. In addition, in the  GSEA, 
Dicer1-silenced TPC-1 cells only exhibited cell  
cycle-related pathways, with suppression of  G2M-, 
E2F-, and Myc-target-V2, and mitotic spindles, while 
the well-documented tumourigenic pathways, including 
Kras (MAPK), PI3K-Akt-mTOR, tumour invasion 
and migration (EMT), etc., were not altered. These 
GSEA findings further supported findings of the cell 
biological behavior in cell experiments, and indicated 
that dysregulated Dicer expression could stimulate 
thyroid tumourigenesis chiefly through modulating 
cell duplication and the  cell cycle rather than reg-
ulating other carcinogenic signaling pathways. On 
the other hand, Dicer1-silenced Nthy and TPC-1 cells 
showed reduced Ki-67 mRNA levels, but this only 
reached statistical significance in the Nthy cell line. 
Aberrant activation of multiple biological pathways 
may contribute to this phenomenon, which could en-
hance Ki-67 expression and tumour growth in can-
cer cells. Therefore, we speculated that the influence 
of Dicer in regulating Ki-67 expression in PTC could 
be less prominent than in normal thyrocytes [36, 37].

Under physiological conditions, normal somatic 
cells always stop dividing and are restrained in the G1 
phase of  the cell cycle after reaching a certain level 
of cell division, which is defined as cellular senescence. 
This physiological stasis is regarded as an important 
defensive mechanism to limit permanent cell and 
tumour growth. However, in the process of tumour 
development, certain cancer cells can evade this pro-
liferation-impeding mechanism and subsequently 
re-enter the cell cycle, which ultimately leads to fur-
ther cancer growth [38]. Evidence has shown that 
in addition to the  aging process, multiple extrinsic 
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and pathological triggering factors, including oxida-
tive stress, oncogenic stimulation, etc., can contribute 
to DNA damage, followed by excitation of the cell- 
senescence pathway [24]. The cell-senescence process 
is mainly mediated through either a  p21- or p16- 
dependent pathway. p21, one member of the cyclin- 
dependent kinase (CDK) inhibitor family, can block 
the  cell cycle through the  G1/S phase via binding 
with CDK2 [38]. The RNA-sequencing and GSEA 
analyses showed that inhibiting Dicer expression 
led to upregulation of p21 and cell cycle-associated 
signatures, which suggested that dysregulated  
Dicer is engaged in regulating thyroid carcinogenesis 
possibly via a p21-dependent cell-senescence mech-
anism. In the  present study, after silencing Dicer1,  
in addition to elevated p21, the DNA damage marker, 
phospho-H2AX, also increased in TPC-1 and Nthy 
cells. Moreover, compromising Dicer expression in 
Nthy and TPC-1 cells was associated with G1 phase 
arrest of  the  cell cycle and a  reduction in the  per-
centage of cells entering the S phase. Taken together, 
we assumed that Dicer1-knockdown leads to DNA 
damage, subsequently resulting in increased p21 
protein levels, thus contributing to cell-cycle arrest 
at the G1 phase and hindering cell-cycle progression 
to the S phase, ultimately promoting cell senescence 
and limiting cell and tumour growth. In addition to 
the absence in TPC1 cells, p16 and p53 proteins also 
showed smaller alterations after Dicer was inhibited 
in all other cell lines. These findings supported Dicer 
possibly participating in controlling the entry of DNA 
damage-mediated cell senescence and maintaining cell 
proliferation, potentially via p21-dependent, but p16- 
and p53-independent, mechanisms. However, to sup-
port a causal relationship between Dicer suppression 
and p21-dependent mechanism, further experiments 
are necessary, such as the combined silencing of Dice1 
and p21, or immunoprecipitation assays to investigate 
functional or physical interactions.

 In the present study, we demonstrated that Di-
cer was upregulated in PTC and FTC clinical sam-
ples, and our findings also provide new insight into 
the functional consequences of Dicer dysregulation in 
thyroid cancer. The postulated mechanism is shown 
in Figure 7. Dysregulated Dicer impairs thyroid can-
cer cell stability, induces a  DNA damage response 
evidenced by increased phospho-H2AX and p21 
levels, which subsequently induces G1 phase arrest 
and reduces DNA synthesis, phenotypes consistent 
with a  senescence response across both normal and 
malignant thyroid cell lines. These results connect 
miRNA-processing machinery to cell-cycle regula-
tion and genomic stability in WDTC. By integrat-
ing transcriptomic profiling with functional assays, 
this study highlights a previously underappreciated 
link between Dicer-mediated RNA processing and 
p21-driven tumour cell senescence.

Study limitations 

This study has several limitations. First, the analy-
ses were performed mainly on commercial cDNA and 
tissue arrays with a relatively small sample size and 
the  inherent heterogeneity within the  thyroid can-
cer subgroups, which limited the ability to evaluate 
correlations with clinical outcomes such as tumour 
grade or disease stage. Larger cohorts with increased 
sample sizes and well-balanced subgroups are nec-
essary to further elucidate its clinical relevance. Sec-
ond, functional validation was restricted to in vitro 
models, and the  absence of  in vivo studies prevents 
definitive conclusions regarding the  physiological 
relevance of  Dicer suppression. Third, certain key 
phenotype-specific assays, including β-galactosidase 
staining, were not performed in this study. As these 
assays are essential to support senescence modula-
tion, their absence may limit the  reliability of  our 
findings. Future studies quantifying additional se-
nescence markers would make our conclusions more 
convincing. Fourth, mechanistic experiments such as 
double knockdown of Dicer1 and p21 or rescue assays 
were not performed; therefore, the  proposed p21- 
related mechanism remains correlative. Future studies 
using patient-derived xenografts or genetically engi-
neered mouse models, together with multi-omic pro-
filing, will be essential to delineate whether Dicer exerts 
a context-dependent tumour-promoting or tumour- 
suppressive role in thyroid carcinogenesis.

Conclusions

Higher levels of the Dicer1 protein were found in 
PTC and FTC clinical samples, but they were not 
related to any clinical parameters in PTC, and their 
central biological function was regulating thyroid cell 
proliferation. Silencing Dicer1 repressed the prolifera-
tive ability of normal, PTC, and FTC cells partially by 
way of a p21-dependent cell-senescence mechanism 
linked to genomic instability. Although the long-term 
impact of Dicer1 on thyroid cancer evolution cannot be 
directly inferred from our current data, these findings 
highlight its potential role in maintaining genomic 
integrity. Our study provides important insights into 
the biological function of Dicer1 in thyroid cells and 
suggests that further investigation is warranted to ex-
plore its potential as a therapeutic target.
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