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Downregulation of cyclin-dependent kinase 8 by
microRNA-148a suppresses proliferation and
invasiveness of papillary thyroid carcinomas
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Abstract: MicroRNAs (miRNAs) are important gene regulators that play key roles in tumor genesis. In this study, we
investigate the role of miR-148a in the development of papillary thyroid cancer (PTC). Data from the cancer genome
atlas (TCGA) indicate that miR-148a is downregulated in PTC tissues; we also find that miR-148a is downregulated
in tissue samples from PTC patients and PTC cell lines. Overexpression of miR-148a significantly suppresses PTC
cell proliferation, migration and invasiveness in vitro, and inhibits tumor growth in vivo as well. We have identified
the cyclin-dependent kinase 8 (CDK8) gene as a direct target of miR-148a using the online software packages Tar-
getScan and miRanda. Overexpression of miR-148a significantly represses CDK8 expression by directly targeting
the 3’-untranslated region (3'-UTR) of the CDK8 gene in PTC tissues and cell lines; overexpression of CDK8 reverses
the inhibitory effects of miR-148a on PTC cell growth, migration and invasiveness. Taken together, our results indi-

cate that miR-148a functions as a tumor suppressor in PTC by repressing CDK8 expression.
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Introduction

Papillary thyroid carcinoma (PTC) is the most
common type of thyroid malignancy, account-
ing for more than 90% of all thyroid cancers
[1]. In general, the prognosis for patients with
PTC is believed to be relatively good. However,
some PTCs exhibit invasive behaviors, which
are associated with low resection rates and
poor prognoses [2, 3]. The discovery of specific
biomarkers characterizing PTCs could help in
assessing the invasive potential of tumors to
guide surgical parameters or provide new tar-
gets for therapy [4, 5].

Recently, researchers have begun to focus on
examining the associations between cancer
development and miRNAs functioning as onco-
genes or tumor suppressors [6, 7]. Several
studies have reported that PTCs with invasive
properties exhibit abnormal expression profiles
of certain miRNAs and associate these expres-
sion profiles with clinicopathologic features [8,
9]. The miRNA miR-146b-5p functions as a pos-

itive regulator of migration and invasiveness
in normal thyroid follicular cells, as well as in
tumor cells by regulating the actin cytoskeleton
[10]. Another miRNA, miRNA-203, was report-
ed to be a potential biomarker for relapse and
poor prognosis in PTCs [9]. The expression of
another miRNA, miR-148a, was reported to be
downregulated in nasopharyngeal carcinomas
[11] and non-small cell lung cancers [12, 13].
We also found that the expression levels of miR-
148a were lower than normal in PTC tissues.

Cyclin-dependent kinases (CDKs) play funda-
mental roles in regulating cell proliferation and
differentiation in eukaryotes [14, 15]. Dysregu-
lation of CDKs and their regulatory partners,
known as ‘cyclins’, can disrupt normal cell pro-
liferation, differentiation and apoptosis, there-
by leading to abnormal development and dis-
eases such as cancer [16]. CDK8 was found to
be upregulated and associated with tumor pro-
gression and metastasis in breast cancer [17,
18], pancreatic cancer [19], colorectal cancer
[20], and prostate cancer [21].
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In this study, we find evidence of miR-148a
downregulation in PTC cell lines and tissues.
We also find that miR-148a overexpression sig-
nificantly inhibited cell proliferation, migration,
and invasiveness by targeting CDK8 gene ex-
pression in vitro, and that its overexpression
in vivo suppressed tumor growth. Our study
demonstrates that miRNA-148a negatively reg-
ulates CDK8, and that this miRNA is involved
in proliferation and invasion-related processes
in PTCs.

Materials and methods
Patients and tissue samples

Clinical samples were obtained from 81 PTC
patients who underwent surgery at the Zhe-
jiang Cancer Hospital from 2007 to 2015. Ad-
jacent non-tumor thyroid tissues from these
patients served as normal controls. No patient
underwent radiation therapy and/or chemo-
therapy prior to surgery. The medical ethics
committee of Zhejiang Cancer Hospital appro-
ved this study. Due to the retrospective nature
of this study, the medical ethics committee
waived the need for written informed consents
from patients.

Cell culture

Human PTC cell lines (PTC-1, BCPAP, K1) and
the human thyroid epithelial cell line Nthy-ori
3-1 were purchased from the cell bank of
the Chinese Academy of Sciences (Shanghai,
China) and cultured in RPMI-1640 (Invitrogen,
Carlsbad, CA, USA) supplemented with 100
units/ml penicillin (Sigma-Aldrich, St. Louis,
MO, USA), 0.1 mg/ml streptomycin (Enpromise,
Hangzhou, China), and 10% fetal bovine serum.
All cell lines were maintained in a humidified
incubator at 37°C and 5% CO,,.

Quantitative real-time PCR (qRT-PCR)

Tissues were immersed in RNAlater™ Stabi-
lization Solution (Invitrogen, Waltham, MA, USA)
and stored at -20°C until RNA extraction could
be carried out. Total RNA, including miRNA, was
extracted using the mirVana™ miRNA isolation
kit (Invitrogen) according to the manufacturer’s
protocol. Total RNA was extracted from cells
using TRIzol reagent (Invitrogen) according to
the manufacturer’s protocol. Reverse transcrip-
tion was performed using RevertAid™ H Minus
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First Strand cDNA Synthesis kit (ThermoFisher
Scientific, Waltham, MA, USA). Quantitative
real-time PCR (qRT-PCR) was performed using
a SYBR Green Premix Ex Taq (Takara) on a
Lightcycler® 480 (Roche, Switzerland). The
CDK8-specific primer sequences used were:
5-GGTCGAGGACCTGTTTGAAT-3’ (forward) and
5-GCCGACATAGAGATCCCAGT-3’ (reverse). The
GAPDH gene was used as an internal control,
and GAPDH-specific primer sequences used
were: 5'-CTCCATCCTGGCCTCGCTGT-3’ (forward)
and 5-GCTGTCACCTTCACCGTTCC-3’ (reverse).
For the miRNA expression assays, miRNAs
were isolated using a the miRNeasy Mini Kit.
Following this, the TagMan MicroRNA Assays kit
was used to determine the miRNA expression
on a 7500 Fast Real-Time PCR system (Applied
Biosystems, Carlsbad, CA, USA). The universal
small nuclear RNA, U6, was used as an internal
control. Each experiment for each sample was
independently repeated three times. The rela-
tive expression levels of MRNA and miRNA were
analyzed with the 222t method.

Cell proliferation assays

Cell proliferation assays were performed with
MTT (Sigma-Aldrich) according to the manufac-
turer’s instructions. Briefly, 1 x 10 cells/well
were plated into 96-well plates which were
incubated for 24 h in a humidified chamber at
37°C and 5% CO,. Following this, 50 ul MTT (5
mg/ml) in phosphate buffered saline (PBS) was
added to each well and incubated for 4 h in a
humidified chamber at 37°C and 5% CO,,. In the
next step, 150 yl of DMSO was added to each
well after emptying it of supernatant. A micro-
plate reader (Bio-Rad) was used to determine
absorbance at 490 nm. Each assay was per-
formed three times to obtain triplicate read-
ings.

Xenograft model experiments

All animal experiments were performed accord-
ing to institutional and international animal
care and use regulations. All animal-dependent
experimental protocols were approved by the
institutional animal care and use committee of
Zhejiang Cancer Hospital. Four-week-old ma-
le SCID (severe combined immunodeficiency)
mice were purchased from Beijing HFK Bio-
science Co. Ltd. (Beijing, China). TPC-1 cells
transfected with lentivirus miArrest™ miR-103
inhibitor (Genecopeia, Rockville, MD, USA) were
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Figure 1. miR-148a is downregulated in PTC tissue samples from patients and PTC cell lines. A. miR-148a expres-
sion in PTC tissue samples and adjacent non-tumor thyroid tissues based on TCGA database. B. miR-148a expres-
sion levels as detected by qRT-PCR in 81 pairs of PTC tissue samples and adjacent non-tumor thyroid tissues. C.
miR-148a expression levels as detected by qRT-PCR in PTC cell lines and normal thyroid cells. Each sample was

tested three times. *P < 0.05, **P < 0.01.

injected into the mice either subcutaneously (1
x 10° cells per mouse) or through the tail vein
(2 x 1068 cells per mouse). Tumor growth in the
mice was monitored every 4 days. All mice were
euthanized after 40 days, following which, the
tumor nodules in the mice were removed.
Tumor sizes were measured using a caliper,
and tumor volume was calculated using the fol-
lowing equation: tumor volume (mm3) = length
(mm) x width (mm)3/2.

Cell transfections

An miR-148a mimic and a corresponding ne-
gative control (miR-C) were purchased from
GenePharma Co. Ltd. (Shanghai, China) along
with the CDK8 overexpression plasmid. The
miR-148a mimic, negative control (miR-C) and
CDK8 overexpression plasmid were transfect-
ed into cells using Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s instruc-
tions. Twenty-four hours post-transfection, cells
were harvested and subjected to gene expres-
sion analyses and cell proliferation, cell cycle,
cell migration, and cell invasion assays.

Cell migration and invasion assays

Cell migration and cell invasion assays were
carried out in transwell chambers with 8 um
pore filters (Corning, New York, NY, USA). Cells
were grown to about 50% confluency and trans-
fected with the desired siRNA; 24 h after trans-
fection, the cells were incubated in serum-free
medium for another 24 h. Following this, cells
were trypsinized before 5 x 10* cells suspend-
ed in serum-free medium were added to the
upper chambers of transwell plates. Medium
containing 10% FBS was added to the lower
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chamber. Cells were incubated for 24 h at 37°C,
following which, non-migrating cells were com-
pletely removed. Cells that had migrated across
the membrane to the bottom chamber were
fixed in 4% paraformaldehyde and stained with
0.5% crystal violet. The stained cells were visu-
alized under a microscope and quantified by
calculating an average of counts from five ran-
dom fields. For cell invasion assays, the upper
chambers of transwell plates were precoated
with 1 mg/ml Matrigel (BD Biosciences), follow-
ing which, the protocol followed was identical to
the cell migration assay.

Bioinformatics analyses and dual-luciferase
assays

To find genes targeted by miR-148a, we used
the online software programs TargetScan (http:
//wWww.targetscan.org/) and miRanda (http://
www.microrna.org). From the list of target
genes obtained, we extracted all genes that
could contribute to PTC progression. Since the
3’-UTR of the CDK8 gene was predicted to have
miR-148a binding sites, this region was ampli-
fied from human cDNA and cloned into a dual-
luciferase expression vector (Promega, Madi-
son, WI, USA). The mutant form of the 3-UTR
of the CDK8 gene was obtained by overlap-
extension PCR. K1 and PTC-1 cells were co-
transfected with CDK8-3'UTR-WT/MU and miR-
148a with Lipofectamine 2000. Luciferase
activity was measured with a dual-luciferase
reporter assay system (Promega) 48 h after
transfection. The results were presented as
the ratio of Renilla luciferase activity to firefly
luciferase activity.

Am J Cancer Res 2017;7(10):2081-2090
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Figure 2. miR-148a suppresses proliferation, migration, and invasiveness of TPC-1 and K1 cells. Cell viability was
determined by MTT assays on (A) TPC-1 and (B) K1 cells transfected with either miR-148a mimics or negative
control. (C and D) Transwell migration and Matrigel invasion assays for TPC-1 and K1 cells either transfected with

miR-148a mimics or negative controls. **P < 0.01.

Western blots

Cells were lysed in 200 pl lysis buffer (0.5 M
Tris-HCI at pH 6.8, 2 mM EDTA, 10% glycerol,
2% SDS, and 5% [B-mercaptoethanol). Protein
extracts (20 ug) were electrophoresed on 10%
SDS polyacrylamide gels and transferred to
nitrocellulose membranes. Membranes were
blocked with 5% non-fat dried milk in Tris-
buffered saline and incubated for 2 h at 20°C
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with the appropriate primary antibodies-
CDK8 (Abcam, Cambridge, MA, USA), and GA-
PDH (Cell Signaling) -following which, the
membranes were incubated with horseradish
peroxidase-conjugated secondary antibody.
The immunocomplexes were visualized using
the chemiluminescence phototopehorserad-
ish-peroxidase kit. Actin was used as an inter-
nal standard to ensure equivalent protein
loading.

Am J Cancer Res 2017;7(10):2081-2090
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Statistical analyses

All data are presented as
mean + standard deviation
(SD). All statistical analyses
were performed using the
Prism 5.01 software (Graph-
Pad Software, San Diego,
CA, USA). Differences bet-
ween treatment groups were
determined using analysis of
variance (ANOVA) tests and
Student’s t-tests.

Results

miR-148a expression is
downregulated in PTC tis-
sues and cell lines

Figure 3. miR-148a inhibits PTC cell growth in vivo. TPC-1 cells transfected
with Lv-miR-148a were injected subcutaneously into SCID mice. A. Expression
of miR-148a in xenograft tumors as determined by qRT-PCR. B. Representa-
tive photograph of xenograft tumors. C. Tumor weights. D. Growth curve for

tumor volumes. **P < 0.01.

Immunohistochemical staining analyses

Tissue samples were fixed in 10% neutral buff-
ered formalin, dehydrated, and embedded in
paraffin. Following this, sections were deparaf-
finized and rehydrated. Hydrogen peroxide was
applied to the sections to block endogenous
peroxidase activity for 10 min. After antigen
retrieval using a microwave, the sections were
treated with 1% bovine serum albumin to block
non-specific binding. The sections were then
incubated with rabbit anti-CDK8 (Abgent, San
Diego, CA) in a humidified chamber overnight at
4°C. After washing three washes lasting 5 min
each with PBS, tissue sections were treated
with biotinylated anti-rabbit secondary anti-
body (Zymed, San Francisco, CA), followed by
further incubation with streptavidin-horserad-
ish peroxidase complex. After rinsing, diamino-
benzidine (DAB; Abcam) was used as a chromo-
gen, and sections were counterstained with
hematoxylin. Samples incubated with PBS
instead of the primary antibody served as nega-
tive controls.
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Although miR-148a was fo-
und to be underexpressed in
various types of cancer, its
expression in PTCs remained
uninvestigated until now. The
expression of miR-148a was
examined in PTC tissues and
cell lines using qRT-PCR.
Data from TCGA indicated
that the majority of PTC tissues showed lower
miR-148a levels than the corresponding tumor-
adjacent normal tissues that acted as controls
(Figure 1A, P < 0.01), indicating that miR-148a
may act as a tumor suppressor in PTC. When
we examined the expression of miR-148a in
PTC tissues and normal tissue by qRT-PCR, we
found that the expression of miR-148a in PTC
tissue samples was significantly lower than
that in the corresponding normal tissue sam-
ples (Figure 1B, P < 0.01). This result was fur-
ther supported by our finding that miR-148a
expression in PTC cell lines was significantly
lower than that in the thyroid epithelial cell line
Nthy-ori3-1 (Figure 1C, P < 0.01).

miR-148a suppresses cell proliferation, migra-
tion, and invasion

To explore the possible anticancer functions of
miR-148a in PTC cells, we transfected TPC-1
and K1 cell lines with miR-148a mimics or neg-
ative controls. MTT assays demonstrated that
overexpression of miR-148a mimics significant-
ly inhibited PTC cell proliferation as compared

Am J Cancer Res 2017;7(10):2081-2090
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miR-148a inhibited tumor
growth in vivo

In this experiment, we inves-
tigated the effects of ecto-
pic miR-148a expression on
repressing tumor growth in
vivo. PTC-1 cells transduced
with miR-148a mimics or a
negative control were subcu-
taneously injected into SCID
mice. After 40 days, mice
were euthanized and miR-
148a expression levels in
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their tissues were measured.
The expression of miR-148a
was found to be higher in
the group treated with miR-
148a mimics than in the
miR-C group (Figure 3A). Tu-
mors overexpressing miR-
148a grew more slowly and
were smaller in size than
control tumors (Figure 3B-D).
Tumor weights were approxi-
mately 2.3-fold lower in miR-
148a-overexpressing tumors
as compared to those of ne-
gative controls (Figure 3B).
These results suggest that
Gl miR-148a can also inhibit
PTC cell growth in vivo.

CDKS8 is a molecular target
of miR-148a regulation

ity in WT and mutant CDK8 3’-UTR reporter constructs, relative to miR-C, in

the presence of miR-148a. C. Expression of CDK8 as detected through west-
ern blots in TPC-1 and K1 cells transfected with either miR-148a mimics or

miR-C. **P < 0.05.

to that of negative control cells in both TPC-1
and K1 cell lines (Figure 2A). To investigate the
effect of miR-148a on cellular motility, we used
transwell assays to measure the migration and
invasion ability of K1 and TPC-1 cells after mod-
ification of miR-148a expression. Cell migration
through the transwell membrane was reduced
dramatically in miR-148a-transfected K1 and
PTC-1 cells as compared to cell migration in
negative control cells (Figure 2C). Similarly, the
rates of invasive cell movement in K1 and
PTC-1 cells transfected with miR-148a mimics
were decreased significantly as compared to
those of negative control cells (Figure 2D).
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To investigate the molecular
mechanism by which miR-
148a suppresses PTC cell
growth and invasion, we
searched for potential mRNA targets of miR-
148a using the online software programs
TargetScan and miRanda. One of the candidate
genes predicted to be targeted by miR-148a
was the CDK8 gene since this gene is associ-
ated with having positive effects on multiple
cancer-related processes (Figure 4A). To deter-
mine whether CDK8 was negatively regulated
by miR-148a, 3’-UTRs of the CDK8 gene with
either wild-type (WT) or mutant (MU) miR-148a
target sequences were cloned into firefly lucif-
erase vectors. Following co-transfection with
miR-148a mimics, the luciferase activity of the
WT 3-UTR reporter gene was found to be sig-

Am J Cancer Res 2017;7(10):2081-2090
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Figure 5. Effects of CDKS8 inhibition in PTC cells with upregulated miR-148a expression. A. Detection of CDK8 ex-
pression levels through immunohistochemistry. B. Detection of CDK8 expression levels through western blotting
for each group of transfected TPC-1 and K1 cells. C-F. Cell proliferation measurements by MTT assays, migration
capacity measurements by colony formation assays, and invasion capacity measurements by transwell assays. *P

<0.05, **P < 0.05.

nificantly decreased, whereas, the luciferase
activity of the mutant reporter gene remained
unaffected. These data suggest that miR-148a
binds to the 3’-UTR of the CDK8 gene to regu-
late gene expression (Figure 4B). Our experi-
ments also reveal that CDK8 expression was
downregulated in PTC-1 and K1 cells transfect-
ed with miR-148a mimics as compared to PTC-
1 and K1 cells transfected with miR-C (Figure
4C).

Inhibition of CDK8 expression had opposite ef-
fects to miR-148a downregulation in PTC cells

CDKS8 expression in PTC tissues was evaluated
by immunohistochemistry, and was found to
be significantly higher in PTC tissues as com-
pared to corresponding normal adjacent tis-
sues (Figure 5A). To investigate if the suppres-
sive effects of miR-148a on the proliferation,
migration, and invasiveness of PTC cells were
mediated by CDK8 repression, we rescued
CDK8 underexpression in miR-148a-overex-
pressing K1 and TPC-1 cells (Figure 5B). Re-
storation of CDK8 expression levels not only
increased the proliferation of miR-148a-trans-
fected cells, but also partially rescued their
migration and invasion capacities (Figure 5C-
F). These results suggest that miR-148a sup-
presses PTC growth and metastasis by target-
ing and suppressing CDK8 expression.

Discussion

MicroRNAs (miRNAs), which are one of the
most common non-coding RNA types, are not
only engaged in regulating normal physiologi-
cal processes, but are also involved in a variety
of pathological process. The abnormal expres-
sion of miRNAs can play important roles in the
process of tumor development. Several miR-
NAs are reported to be abnormally expressed in
PTCs and are thought to be involved in PTC
tumor initiation and progression. Qiu et al. have
reported that miR-613 inhibited cell growth,
migration and invasiveness of PTC cells by reg-
ulating SPHK2 function [22]. The miRNA miR-
363-3p also functions as a tumor suppressor in
PTCs by repressing PIK3CA expression [23]. It
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is also reported that the miRNA miR-146b-5p
positively regulates migration and invasion pro-
cesses in PTC cells through the actin cytoskel-
eton [10]. The miRNA miRNA-148a has been
shown to significantly suppress the migratory
and invasive abilities of A549 and H1299 lung
cancer cells, and that enforced expression of
miRNA-148a in these cells results in a signifi-
cant reduction in the expression of the DNMT1
gene [12]. Cell migration and invasion are also
inhibited by miRNA-148a through its effects on
WNT1 in lung cancer [13]. Besides this, the
ectopic expression of miR-148a inhibits cell
migration in neural progenitor cells (NPC) cells
through the suppression of integrin-mediated
signaling by targeting VAV2, WASL and ROCK1
[11].

In this paper, we report that the expression of
miR-148a is lower in PTC tissues as compared
to that in normal adjacent tissues based on
information from the TCGA database. To further
investigated this, we checked the expression of
miR-148a in PTC tissues from patients and PTC
cell lines. Interestingly, our results indicate that
the expression of miR-148a was lower in PTC
tissues as compared to that in adjacent non-
tumor tissues, and in PTC cell lines as com-
pared to that in thyroid epithelial cell lines.
Functional analyses showed that overexpres-
sion of miR-148a suppressed cell proliferation,
migration and invasiveness in vitro and inhibit-
ed tumor growth in vivo. The CDK8 gene was
found to be targeted by miR-148a. CDKS8 ex-
pression was inversely correlated with miR-
148a expression and rescuing CDK8 expres-
sion reversed the suppressive effects of miR-
148a on the proliferation and invasiveness of
PTC cells. Taken together, our results suggest
that miR-148a exerts its suppressive effect on
the growth and metastasis of PTC by targeting
CDK8. CDKS8 is an important proto-oncogene
that inhibits apoptosis, and abnormal expres-
sion of CDK8 is closely associated with the
occurrence and development of many tumors
[24]. CDK8 expression is upregulated in breast
cancer [17, 18], pancreatic cancer [19], colorec-
tal cancer [20], and prostate cancer [21], and

Am J Cancer Res 2017;7(10):2081-2090
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is associated with tumor progression and me-
tastasis.

To further investigate the mechanisms underly-
ing the inhibitory effect of miR-148a on cell
growth, migration, and invasiveness in PTC, we
identified genes with miR-148a binding sites
using the online software programs TargetScan
and miRanda. We found that the 3’-UTR of the
CDKS8 gene contained miR-148a binding sites,
which made it a potential target for regulation
by miR-148a. Through dual-luciferase assays,
CDK8 was found to be regulated by miR-148a
and that restoration of CDK8 expression abol-
ished the inhibitory effect of miR-148a on cell
proliferation and invasiveness. Overexpression
of miR-148a significantly suppressed cell pro-
liferation, migration, and invasiveness, while up-
regulation of CDK8 expression in cells trans-
fected with miR-148a mimics dramatically pro-
moted cell proliferation, migration and invasive-
ness. Our study provides a new mechanism for
CDKS8 regulation in PTCs.

In conclusion, miR-148a negatively regulates
PTC cell proliferation, migration, invasiveness,
and tumor growth by downregulating CDKS8
expression. Our findings may help to further
elucidate the molecular mechanisms underly-
ing PTC progression and provide candidate tar-
gets for the prevention and treatment of PTC.
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