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Papillary thyroid carcinoma (PTC) is the prevalent histotype of thyroid cancer, with increasing incidence worldwide. 
MicroRNAs (miRNAs) could play an important role in the development and progression of human cancers. Interestingly, 
miR-326 was validated as one of the downregulated miRNAs in PTC. Therefore, it is necessary to research the function 
of miR-326 involved in the progression of PTC. In the current study, we detected the downregulation of miR-326 in 
PTC tissues and cell lines. The miR-326 overexpression or knockdown was conducted in TPC-1 or HTh83 PTC cells. 
miR-326 mimics decreased the proliferation, clone formation ability and caused G1-phase accumulation. In addition, 
the reduction of migration and invasion abilities was induced by miR-326 mimics. Western blot analysis showed that the 
cells with miR-326 mimics exhibited the inhibition of vimentin and N-cadherin, as well as enhancement of E-cadherin. 
Importantly, miR-326 could directly target mitogen activated protein kinase 1 (MAPK1) and epidermal growth factor 
receptor 4 (ERBB4). MAPK1 or ERBB4 overexpression rescued the effects of miR-326 on proliferation, migration, and 
invasion in PTC cells. Notably, miR-326 reduced tumorigenesis in vivo, including the decrease of tumor volume and 
weight, suppression of Ki-67, N-cadherin, MAPK1 and ERBB4. In all, these results might provide a new therapeutic target 
for the diagnosis of PTC. 
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Thyroid cancer is the most common malignant endocrine 
tumor, with increasing incidence worldwide [1–4]. Papil-
lary thyroid carcinoma (PTC) is the prevalent histotype of 
thyroid cancer, accounting for 80% of thyroid malignan-
cies [5, 6]. The overall survival of PTC is approximately 
97%. However, there is a minority of patients with recur-
rent disease and distant metastases to occur [7–10]. Up to 
date, the treatment options for PTC are identified, such as 
radioactive iodine ablation, surgery, and thyroid hormone 
replacement [11]. Although the therapeutic strategies are 
applied to PTC, the mechanism of PTC treatment is still 
unclear.

MicroRNAs (miRNAs), 18–24 nucleotides, are single-
stranded non-coding RNA molecules [12, 13]. miRNAs 
can target mRNAs in the 3’-untranslated region (UTR) and 
regulate mRNA degradation and translational suppression 
[14–16]. Importantly, miRNAs have been reported to play 
an important role in the development and progression of 
human cancers, including gastric cancer [17], pancreatic 
ductal adenocarcinoma [18], nasopharyngeal carcinoma 

[19], and glioma [20]. Interestingly, miR-326 was validated as 
one of the downregulated miRNAs in PTC and related to the 
progression of PTC [21]. Therefore, the function of miR-326 
in PTC needs to be explored.

Mitogen activated protein kinase 1 (MAPK1) protein is 
important in the MAPK1 pathway and it can regulate cellular 
activities and tumor development in many human diseases 
[22]. For instance, MAPK1 was found to be involved in cell 
proliferation and tumor growth in colorectal cancer [23]. The 
individual mature Hrg isoforms are reported to be natural 
ligands for epidermal growth factor receptor 4 (ERBB4) [24, 
25]. Previous studies have shown that ERBB4 activation was 
related to the proliferation and tumorigenicity in glioblas-
toma [26]. Interestingly, MAPK1 and ERBB4 were reported 
to participate in PTC [27, 28]. In our study, we indicated that 
miR-326 could bind with MAPK1 or ERBB4. The miR-326 
showed its function in the development of PTC through 
directly targeting MAPK1 and ERBB4. A possible link of 
miR-326 to PTC can be deduced from this study, which adds 
to our understanding of PTC treatment.
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Patients and methods

Tissue samples collection. The tumor tissues and 
paracancerous tissues of 60 patients with PTC were collected 
from Shenzhen Longhua District Central Hospital from 
March 2013 to January 2016. Patients gave written informed 
consent. For the samples, two separate pathologists reviewed 
all histologic sections to identify tumor grade and distant 
metastasis according to the American Joint Commission on 
Cancer 7th edition. The study was approved by Shenzhen 
Longhua District Central Hospital and the World Medical 
Association Declaration of Helsinki.

Cell culture and transfection. Human normal thyroid 
cell line Nthy-ori 3-1, human PTC cell lines (TPC-1, 
BCPAP, CGTH-W-3, and HTh83) and HEK293 cell line 
were harvested from ATCC. They were grown in DMEM 
medium containing 10% fetal bovine serum (FBS) at 37 °C 
in the presence of 5% CO2. 4×104 TPC-1 or HTh83 cells were 
seeded on 6-well plates, respectively. The TPC-1 cells were 
transfected with miR-326 NC (negative control) or miR-326 
mimics, whereas HTh83 cells were transfected with miR-326 
NC or miR-326 inhibitor via the Lipofectamine 2000 
(Thermo Fisher Scientific, Waltham, MA, USA).

Quantitative real-time PCR. Total RNA was extracted 
using Trizol reagent (Takara, Shiga, Japan). cDNA synthesis 
was carried out. The miR326 expression level was determined 
with the SYBR Green kit (Applied Biosystems, Foster City, 
USA). U6 was the internal control. The data were computed 
using the 2−ΔΔCT method. The primers are listed in Table1.

In situ hybridization (ISH). The Nthy-ori 3-1, TPC-1, 
BCPAP, CGTH-W-3 or HTh83 cells were fixed in 4% 
polyoxymethylene, embedded with paraffin and then cut 
into 4 µm sections. The sections were deparaffinized and 
analyzed. miR-326 was used as a probe in the present study. 
The primary antibody, anti-digoxigenin-alkaline phosphatase 
Fab fragments (1:800, Roche Diagnostics Gmbh, Mannheim, 
Germany), was used for signal detection. Subsequently, nitro 
blue  tetrazolium/5-bromo-4-chloroindol-3-yl-phosphate 
solution (Roche Diagnostics GmbH, Mannheim, Germany) 
antibody was used to incubate the sections. The images were 
captured under a microscope.

Cell proliferation analysis. Cell proliferation was assessed 
by a CCK-8 assay (Beyotime, Jiangsu, China). TPC-1 and 
HTh83 cells were seeded in a 96-well plate. After being trans-
fected for 0 h, 24 h, 48 h, and 72 h, the cells were incubated 
with 10 μl CCK-8. After the incubation for 4 h, the optical 
density (OD) was assayed at the wavelength of 450 nm.

Colony formation assay. Cells were seeded in 6-well 
plates and grown for two weeks. They were fixed and stained 
with crystal violet for 15 min when most of the colonies had 
expanded to more than 100 cells. Finally, the photographs 
were obtained and the colonies were calculated.

Cell cycle analysis. The transfected cells were harvested, 
fixed in 70% ethanol at 4 °C overnight, and washed with PBS. 
Then, 400 μl of PI solution and 100 μl of RNase A were used 
to treat the cells. After incubation for 30 min in a dark room, 
the cell cycle was determined by flow cytometry.

Cell invasion and migration assays. For cell invasion 
or migration assays, the membrane of the chamber was 
coated with Matrigel or without Matrigel. Briefly, cells were 
harvested after transfection and 2×104 cells were seeded in 
the upper Matrigel-coated chamber, whereas the bottom of 
the chamber was filled with medium containing 10% FBS. 
After 24 h, cells were fixed and stained with 0.2% crystal 
violet for 30 minutes. At last, the assays were performed and 
the number of cells was obtained under a microscope.

Western blot analysis. Total proteins were lysed using 
RIPA buffer (CWBIO, Beijing, China). The BCA Protein 
Assay Reagent (Sangon Biotech, Shanghai, China) was used 
for protein concentration analysis. Then, equivalent amounts 
of protein (30–50 µg) were separated using 10% SDS-PAGE 
gels and transferred onto PVDF membranes. The membranes 
were subsequently blocked in a blocking buffer and incubated 
with anti-vimentin (1:100, Santa Cruz Biotechnology, 
CA, USA), anti-N-cadherin antibodies (1:1000, Abcam, 
Cambridge, MA, UK), anti-E-cadherin (1:500, Abcam, 
Cambridge, MA, UK), anti-MAPK1 (1:500, Cell Signaling 
Technology, Danvers, MA, USA), anti-ERBB4 (1:500, 
Santa Cruz, Dallas, TX, USA), anti-Ki67 (1:1000, Abcam, 
Cambridge, MA, UK) and β-actin (1:1000, Cell Signaling 
Technology, Danvers, MA, USA) primary antibodies at 
4 °C overnight. Then, the membranes were incubated with 
secondary antibodies at room temperature for 50 min. An 
ECL system kit (MultiSciences, Hangzhou, China) was used 
to measure the signals. ImageJ software (NIH, Bethesda, MD, 
USA) was used for quantification of the protein bands.

Tumor xenograft in nude mice. The 4–6 weeks female 
mice were obtained from Sippr-BK Laboratory Animal Co., 
Ltd. (Shanghai, China). The mice were randomly divided 
into 2 groups (n=6/group). Mice were then subcutaneously 
implanted with 1×106 cells transfected with NC (Lv-NC) or 
miR-326 overexpression (Lv-miR-326). Tumor volume was 
recorded every seven days. The observation lasted for 28 days, 
the mice were sacrificed, and tumor tissues were weighed and 
photographed. The gross tumor volume was detected based 
on the following formula: V=0.5×L×W2. The experimental 
protocol was carried out in compliance with the Guide for 
the Care and Use of Laboratory Animals and approved by 
the Animal Ethical and Welfare Committee Approval No. 
GDY18011004.

Immunohistochemical analysis. The tumor tissues 
were fixed in 4% paraformaldehyde (PFA). Serial paraffin 

Table 1. Primer sequences.
GENE Primer sequences (5’-3’)
miR-326 F: ACTGTCCTTCCCTCTGGGC

R: AATGGTTGTTCTCCACTCTCTCTC
U6 F: ATTGGAACGATACAGAGAAGATT

R: GGAACGCTTCACGAATTTG
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sections (5 μm) of the tumor tissues were deparaffinized and 
rehydrated. The endogenous peroxidase activity and nonspe-
cific binding of sections were blocked. Subsequently, the 
sections were incubated with monoclonal antibodies against 
Ki-67 (1:2000, Abcam, Cambridge, MA, UK), N-cadherin 
(1:300, Abcam, Cambridge, MA, UK), MAPK1 (1:200, Cell 
Signaling Technology, Inc., Danvers, MA, USA) and ERBB4 
(1:100, Santa Cruz Biotechnology Inc., Santa Cruz, CA, 
USA) at 4 °C overnight, and then incubated with secondary 
antibody (1:1500, Abcam, Cambridge, MA, UK). The 
signals were visualized with diaminobenzidine. Images were 
observed under a Nikon BX-51 light microscope.

Dual luciferase reporter assay. The wild-type and mutant-
type MAPK1 or ERBB4 3’UTR sequences were amplified 
and cloned into pmirGLO luciferase reporter plasmids to 
generate MAPK1 WT, MAPK1 MUT, ERBB4 WT or ERBB4 
MUT. The HEK923 cells were co-transfected with MAPK1 
or ERBB4 luciferase reporter plasmids and miR-326 NC or 
miR-326 mimics via Lipofectamine 2000. After 48 h transfec-
tion, the luciferase activity was assayed via Dual Luciferase 
Reporter Assay System.

Statistical analysis. All results were analyzed with 
SPSS21.0 for Windows. The experiments were repeated at 
least three times. Student’s two-tailed t-test was used for 
analysis. Data are reported as means ± SD. A p-value <0.05 
was considered statistically significant.

Results

miR-326 had a low expression in PTC tissues and 
cell lines. The miR-326 expression was first measured in 
PTC tissues using quantitative real-time PCR. The results 
showed that miR-326 expression was repressed in PTC 
tissues compared with paracarcinoma tissues (0.39-fold, 
p<0.0001). Moreover, miR-326 expression was decreased in 
grade III–IV PTC tissues compared with grade I–II tissues 
(0.48-fold, p=0.0035), and it was also inhibited in metastatic 
tissues compared with non-metastatic tissues (0.63-fold, 
p=0.0374) (Figure 1A). Next, ISH revealed that there was 
a lower miR-326 expression in PTC tissues compared with 
paracarcinoma tissues (Figure 1B). In addition, in PTC cell 
lines (HTh83, BCPAP, CGTH-W-3 and TPC-1), the level of 

Figure 1. miR-326 had a low expression in PTC tissues and cell lines. A) miR-326 expression was analyzed by quantitative real-time PCR. B) miR-326 
expression was measured with in situ hybridization. C) The expression level of miR-326 in PTC cell lines. *p<0.05, **p<0.01, ***p<0.001
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inhibitor enhanced the abilities of migration (2.85-fold, 
p=0.001) and invasion (2.51-fold, p=0.001) (Figures 3A, 3B). 
Moreover, vimentin, N-cadherin and E-cadherin protein 
levels, which are related to migration and invasion, were 
examined with western blot analysis. The results indicated 
that miR-326 mimics inhibited vimentin (0.60-fold, 
p=0.00278) and N-cadherin (0.65-fold, p=0.00403), as well 
as enhanced E-cadherin (2.06-fold, p=0.00073), whereas 
miR-326 inhibitor showed the reverse effect on these protein 
levels (Figure 3C). The data suggested that miR-326 reduced 
migration and invasion in PTC cells.

miR-326 directly targeted MAPK1 and ERBB4. We next 
predicted whether miR-326 could directly target MAPK1 
and ERBB4, and the relative luciferase activities were signifi-
cantly inhibited in HEK293 cells co-transfected with miR-326 
mimics and MAPK1 WT (0.49-fold, p=0.0001) or ERBB4 
WT (0.52-fold, p=0.0009). However, there was no effect 
when these cells were co-transfected with miR-326 mimics 
and MAPK1 MUT or ERBB4 MUT (Figure 4A). Impor-
tantly, quantitative real-time PCR revealed that decrease 
of MAPK1 (0.49-fold, p=0.0004) or ERBB4 (0.49-fold, 
p=0.0021) level was assayed in TPC-1 cells with miR-326 
mimics and increase of MAPK1 (1.94-fold, p=0.0019) or 
ERBB4 (3.11-fold, p<0.0001) level was determined in HTh83 

miR-326 was the lowest in TPC-1 cells and the highest in 
HTh83 cells (Figure 1C). The data showed that miR-326 had 
a low expression in PTC tissues and cell lines.

miR-326 inhibited proliferation in PTC cells. We 
further examined whether miR-326 affected cell prolifera-
tion in PTC. The miR-326 was successfully overexpressed 
in TPC-1 cells (118.96-fold, p<0.0001) and knocked down 
in HTh83 cells (0.43-fold, p=0.0007) (Figure 2A). CCK-8 
assay demonstrated that miR-326 mimics decreased cell 
proliferation and miR-326 inhibitor increased cell prolifera-
tion (Figure 2B). Furthermore, miR-326 mimics repressed 
clone formation ability of TPC-1 cells (0.43-fold, p=0.0003), 
whereas miR-326 inhibitor promoted clone formation ability 
of HTh83 cells (1.64-fold, p=0.0038) (Figure 2C). miR-326 
mimics caused G1-phase accumulation. However, miR-326 
inhibitor reduced the percentage of G1 cells (Figure 2D). 
These findings indicated that miR-326 inhibited PTC cell 
proliferation.

miR-326 reduced migration and invasion in PTC 
cells. To determine the effect of miR-326 on migration and 
invasion in PTC cells, cell invasion and migration assays were 
carried out. Compared with the control group, TPC-1 cells 
with miR-326 mimics exhibited weaker migration (0.56-fold, 
p=0.0028) and invasion (0.43-fold, p=0.0012) while miR-326 

Figure 2. miR-326 inhibited proliferation in PTC cells. A) miR-326 expression was detected in TPC-1 cells transfected with miR-326 NC (1) or miR-326 
mimics (2), as well as in HTh83 cells transfected with miR-326 NC (3) or miR-326 inhibitor (4) using quantitative real-time PCR. CCK-8 assay was 
conducted to determine cell proliferation (B). In addition, colony formation (C) and flow cytometric analysis of cell cycle (D) was examined. *p<0.05, 
**p<0.01, ***p<0.001
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cells with miR-326 inhibitor (Figure 4B). Moreover, MAPK1 
(1.97-fold, p<0.001) or ERBB4 (2.10-fold, p<0.0001) level 
was elevated in PTC tissues compared to paracarcinoma 
tissues (Figure 4C). There was a negative relation between 
miR-326 and MAPK1 or ERBB4 (Figure 4D). Western blot 
analysis showed that miR-326 mimics inhibited MAPK1 
(0.56-fold, p=0.0017) and ERBB4 (0.60-fold, p=0.0022) 
protein levels, whereas miR-326 inhibitor enhanced them 
(Figure  4E). These findings revealed that miR-326 directly 
targeted MAPK1 and ERBB4.

miR-326 inhibited proliferation, migration, and 
invasion by targeting MAPK1 and ERBB4 in PTC cells. To 
investigate the effects of miR-326 on PTC through targeting 
MAPK1 and ERBB4, we first determined that the inhibition 
of cell proliferation and clone formation ability could be 
reversed by MAPK1 or ERBB4 overexpression (Figures 5A, 
5B). In addition, the G1-phase arrest induced by miR-326 
mimics could be alleviated by MAPK1 or ERBB4 overex-
pression (Figure 5C). After the cells were co-transfected with 
miR-326 mimics and MAPK1 or ERBB4 overexpression, the 
migration (2.43-fold, p=0.0006) (2.38-fold, p=0.0007) and 
invasion (2.40-fold, p=0.0002) (2.27-fold, p=0.003) could be 

rescued (Figures 5D, 5E). MAPK1 or ERBB4 protein level was 
decreased in miR-326 mimics cells while MAPK1 or ERBB4 
overexpression increased it. MAPK1 or ERBB4 overexpres-
sion rescued the inhibited vimentin and N-cadherin, as well 
as enhanced E-cadherin caused by miR-326 mimics as shown 
by western blot analysis (Figure 5F). The data indicated that 
miR-326 inhibited proliferation, migration, and invasion by 
targeting MAPK1 and ERBB4 in PTC cells.

miR-326 inhibited tumorigenesis in vivo. We further 
explored the function of miR-326 in tumorigenesis in vivo. 
The tumor volume and weight were reduced by miR-326 
overexpression (Figure 6A). Furthermore, the increased 
miR-326 expression was induced by miR-326 overexpres-
sion with quantitative real-time PCR (3.48-fold, p=0.001) 
(Figure  6B). Western blot analysis revealed that miR-326 
overexpression led to the reduction of MAPK1 (0.56-fold, 
p=0.0010), ERBB4 (0.50-fold, p=0.0009) and N-cadherin 
(0.47-fold, p=0.0029) (Figure 6C). Immunohistochemical 
analysis indicated that the suppressive Ki-67, N-cadherin, 
MAPK1, and ERBB4 were caused by the miR-326 overex-
pression (Figure 6D). These results showed that miR-326 
inhibited tumorigenesis in vivo.

Figure 3. miR-326 reduced migration and invasion in PTC cells. A, B) Cell migration and invasion were detected by Trans-well assay. C) vimentin, N-
cadherin and E-cadherin protein levels were assayed via western blot analysis. **p<0.01, ***p<0.001
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Discussion

In this study, a low miR-326 expression level was deter-
mined in PTC tissues. In order to explore the function of 
miR-326 in PTC cell lines, we performed miR-326 overex-
pression or knockdown in TPC-1 or HTh83 cells, respec-
tively. Functional analyses indicated that miR-326 could 
inhibit proliferation, reduce clone formation ability and 
arrest the cell cycle in PTC cell lines. Moreover, miR-326 
could play a negative role in migration and invasion. We also 

confirmed that MAPK1 or ERBB4 harvested the binding site 
of miR-326. The effects of miR-326 on proliferation, migra-
tion, and invasion could be restored by MAPK1 and ERBB4 
in PTC cell lines. In addition, miR-326 was also demonstrated 
to suppress tumorigenesis in vivo. Therefore, we conclude 
that miR-326 can play an important role in the development 
of PTC.

Numerous studies revealed that miRNAs were associ-
ated with PTC. For example, miR-202-3p was found to be 
downregulated in PTC tissues, and to repress cell migra-

Figure 4. miR-326 directly targeted MAPK1 and ERBB4. A) The relative luciferase activity was detected via luciferase reporter assay. B, C) MAPK1 or 
ERBB4 expression was examined in PTC cells or tissues using quantitative real-time PCR. D) The relation between miR-326 and MAPK1 or ERBB4 was 
assayed. E) MAPK1 and ERBB4 protein levels were determined via western blot analysis. *p<0.05, **p<0.01, ***p<0.001
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Figure 5. miR-326 inhibited proliferation, migration, and invasion by targeting MAPK1 and ERBB4 in PTC cells. A) CCK-8 assay determined cell 
proliferation. B) Clone formation ability was measured. C) Flow cytometer used to measure the cell cycle. D, E) Cell migration and invasion were 
examined with Trans-well assay. F) Western blot analysis determined MAPK1, ERBB4, vimentin, N-cadherin, and E-cadherin protein levels. **p<0.01, 
***p<0.001
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tion as well as invasion in PTC [29]. Furthermore, enforced 
expression of miR-29a-3p could reduce cell growth, prolif-
eration, and invasion in PTC [30]. Additionally, miR-128 was 
reported to be associated with the development of PTC and it 
could suppress the growth of PTC [31]. Moreover, miR-539 
was identified as a tumor suppressor to affect the progres-
sion of PTC [32]. Consistent with the function of miRNAs, 
in our study, we proved that miR-326, as one of the miRNAs, 
was decreased in PTC tissues compared to adjacent normal 
tissues. The inhibition of the proliferation, clone forma-
tion ability, cell cycle, migration, and invasion was caused 
by miR-326 overexpression in PTC cell lines. Moreover, 

miR-326 overexpression could also suppress tumorigenesis 
in vivo. Consistent with the existing studies, miR-326 could 
have an abnormal expression in various human cancers and 
negatively regulate the procession of tumors [33–35]. These 
findings can offer supporting evidence for the suppressive 
roles of miR-326 in PTC.

MAPKs, as a kind of protein kinases, have been reported to 
promote cell proliferation and survival in PTC [36, 37]. Wang 
et al. showed that MAPK1 upregulation was useful for tumor 
growth promotion in thyroid cancer cells [22]. Importantly, 
previous studies indicated that miR-585 could suppress the 
proliferation and migration by targeting MAPK1 in gastric 

Figure 6. miR-326 inhibited tumorigenesis in vivo A) Tumor volume and weight were calculated. B) miR-326 expression was examined through quanti-
tative real-time PCR. C) MAPK1, ERBB4, and N-cadherin protein levels were assayed via western blot analysis. D) The immunohistochemical analysis 
detected Ki-67, N-cadherin, MAPK1, and ERBB4. **p<0.01, ***p<0.001
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cancer [38]. Besides, ERBB4 was found to be reduced in PTC 
cells [39]. Li et al. discovered that miR‑1273g‑3p could affect 
proliferation, migration, and invasion via ERBB4 in LoVo cells 
[40]. Interestingly, our data verified that MAPK1 or ERBB4 
were a direct and functional target of miR-326 in PTC cells. 
In addition, MAPK1 and ERBB4 could reverse the inhibition 
of proliferation, migration, and invasion induced by miR-326. 
These findings suggest that miR-326 can regulate the progres-
sion of PTC through targeting MAPK1 and ERBB4.

In conclusion, we demonstrated that miR-326 could 
function as a tumor suppressor in PTC. miR-326 overexpres-
sion could lead to the inhibition of progression in PTC by 
targeting MAPK1 and ERBB4. The study will provide signifi-
cant contributions to PTC treatment. Although the effect 
of miR-326 on the progression of PTC was researched, it is 
necessary to further discover its function in tumors.
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