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Abstract
Bisphenol A (BPA), a ubiquitous endocrine-disrupting chemical, alters the function 
of endocrine system and enhances the susceptibility to tumorigenesis in several 
hormone-dependent tumours as thyroid carcinoma. About 50% of papillary thyroid 
cancers (PTC), the most common type of thyroid malignancy, harbours the BRAFV600E 
mutation. This study aimed to investigate a potential combined effect of BPA ex-
posure and BRAFV600E mutation on epithelial-mesenchymal transition (EMT) in PTC. 
Firstly, the level of BPA in plasma, the evaluation of BRAFV600E mutation and the level 
of EMT-related proteins in PTC samples were individually determined. Additionally, 
the migration, invasion, colony formation capacity and the expression of EMT-related 
proteins after exposure to BPA were precisely analysed in vitro thyroid cells geneti-
cally modified by the introduction of BRAFV600E mutation. Moreover, ERK-Cox2 
signalling pathway was also introduced to explore the possible mechanism in PTC 
development. As expected, whether the clinical investigation or cultured thyroid cells 
demonstrated that BPA at a concentration compatible with human exposed levels 
(10-7 M) synergized with the BRAFV600E mutation promoted EMT via the activation 
of ERK-Cox2 signalling pathway. Our findings offer some evidence that BPA as an 
environmental risk factor can facilitate the progression of PTC harbouring BRAFV600E 
mutation.
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1  | INTRODUC TION

Thyroid carcinoma has been appreciably increasing worldwide in 
recent decades, which gradually becomes the most common solid 
malignant tumour of the endocrine system and is highly prevalent 
in middle-aged people.1 Generally speaking, papillary thyroid carci-
noma (PTC), the most common thyroid malignancy, accounts for over 
80% of all cases and is usually associated with favourable survival.2 
However, recurrence, metastases and cancer death may occur in 
10%-15% of patients with more aggressive types, such as epithelial 
cell-derived PTC.3 Therefore, studies on the detailed mechanisms 
underlying PTC metastasis is of significance in improving our under-
standing of the pathogenesis process and identifying valid, targeted 
treatments.

Epithelial-mesenchymal transition (EMT) is a biological process 
that epithelial cells lose their junctions and apical-basal polarity, 
and acquire migratory and invasive capabilities.4 In the context of 
neoplasias, EMT confers on cancer cells increased tumour-initiating 
and metastatic potential,5 in particular, epithelial-derived malignant 
cells.6 The cells consequently acquire a spindle-shaped mesenchy-
mal morphology and express markers associated with the mesen-
chymal cell state, notably neural cadherin (N-cadherin) and matrix 
metallo proteinase-9 (MMP-9), while the expression of E-cadherin 
and certain cytokeratins is typically lost.7,8

Genetic abnormalities and epigenetic alterations have been 
recognized as a crucial driver in EMT. Remarkably, BRAFV600E 
mutation, the transformation of valine (V) to glutamic acid (E) at 
amino acid 600 (pV600E) resulting from T-to-A (c1799T > A) sub-
stitution at nucleotide 1799, has been identified as a targetable, 
oncogenic mutation in many cancers, present in some 30%-70% 
of PTC with pronounced transcriptomic and prognostic conse-
quence.9 Mechanistically, the mutation constitutively activates 
the BRAF kinase in the MAPK pathway to promote aggressiveness 
and contribute to a worse prognosis, advanced stage, lymph node 
metastasis as well as the resistance to traditional radiation therapy 
of PTC.

Bisphenol A (BPA) as a synthetic ubiquitous endocrine-disrupt-
ing chemical (EDC) is used greatly in the manufacture of plastic 
products.10-12 The growing epidemiological studies indicate that 
BPA has been associated mainly with hormone-sensitive cancers 
including thyroid cancers as it interacts with oestrogen receptors 
and acts as an agonist or antagonist via oestrogen receptor-depen-
dent signalling pathways. For example, Zhou Z’s study indicated 
that the BPA level in urine of PTC patients was higher than the 
healthy control, which reminded that BPA exposure may poten-
tially promote the pathogenesis and progression of PTC12; Soto's 
studies suggested the increasing incidence of thyroid carcinoma 
was associated with BPA exposure in almost all age groups.13 
Recent evidence has highlighted that BPA has an increasingly cru-
cial role in EMT. For instance, Zhai's study indicated that BPA reg-
ulated snail-mediated EMT in hemangioma cells, consistently with 
Oral's investigation in ovarian cells and Kim's research in human 
breast cancer cells MCF-7 CV.14-16

Despite inroads that have been made in identifying BRAFV600E 
mutation's potential role in the EMT process of PTC, the joint effect 
of BPA exposure on EMT induced by BRAFV600E mutation remains 
uncertain. Accordingly, a clinical investigation of PTC patients and 
an in vitro genetically emerging thyroid cell model was performed 
in the present study to assess whether BPA exposure especially at 
a human exposed level combined with BRAFV600E mutation could 
promote the EMT process and further enhance migration and inva-
sion of thyroid cells. Moreover, ERK-Cox2 as an activated signalling 
pathway was also introduced to explore the possible mechanism of 
thyroid carcinogenesis. Hopefully, our current study may contribute 
to understanding scientific significance for early prevention of thy-
roid carcinoma related to endocrine-disrupting chemicals exposure.

2  | MATERIAL S AND METHODS

2.1 | Materials pre-treatment

In order to reduce the interference of environmental BPA pollution 
in our experiment, all the consumables (including blood collection 
tubes, containers and pipettes) were made of glass products in the 
subject process. The washed glassware was first of all soaked in po-
tassium dichromate solution for 24 hours, afterwards rinsed with 
ultrapure water and then rinsed with 75% ethanol solution, at last, 
dried in a dry box before use. The plastic consumables used in vitro 
were made of general purpose polystyrene without BPA.

2.2 | Clinical samples

The study population consisted of 45 PTC patients in Liaoning 
Cancer Hospital & Institute (Liaoning Province, China) and 50 healthy 
Chinese Han participants as control were collected from June 2017 
to November 2018. The protocol and consent form were approved 
by the Institutional Review Board of China Medical University prior 
to the study. All activities involving human subjects were done in full 
compliance with government policies and the Helsinki Declaration. 
After the study procedures were explained and all questions were 
answered, subjects signed informed consent forms. Each participant 
donated 5 ml venous blood and all PTC patients provided intraop-
erative fresh carcinoma tissues. Meanwhile, their demographic data 
were recorded in questionnaires.

2.3 | Detection of BPA level in plasma

Human BPA ELISA kit, purchased from Shanghai Enzyme-linked 
Biotechnology Company, was used to measure BPA content in 
plasma of the study subjects. Used suited EDTA as an anticoagulant, 
mixed 15 minute, centrifugated 20 minute at the speed of  1000 g 
and collected supernatant. Then, the experimental procedure and 
formulas for the calculation strictly followed the kit instructions.
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2.4 | Evaluation of BRAFV600E mutation in tumour

Immunohistochemistry was performed as previously described to 
detect the BRAFV600E mutation.17 PTC tissue samples were sliced 
into 4-μm sections and incubated overnight at 4°C with the addi-
tion of a commercially available BRAFV600E mutation-specific an-
tibody (dilution 1:100, clone VE1; Spring Bioscience, Pleasanton, 
CA, USA). Further, the sections were incubated with biotin-labelled 
secondary goat anti-rabbit immunoglobulin G (IgG) at 37°C for 
20 minutes, stained with diaminobenzidine and counterstained with 
haematoxylin. The negative controls were performed by omitting 
the primary antibody. The BRAFV600E mutation was evaluated by 
two experienced pathologists (DES) with the blind method. Diffuse 
homogeneous cytoplasmic staining in cells was considered as a posi-
tive BRAFV600E mutation, while non-specific staining of colloids and 
equivocally weak or focal cytoplasmic staining was considered as 
BRAFV600E wild-type.

2.5 | Immunohistochemical staining

The procedure of immunohistochemical staining for E-cadherin, 
N-cadherin and MMP-9 was the same as the previous description. 
The slides were incubated with the addition of the following primary 
antibodies: E-cadherin (dilution 1:400, #3195), N-cadherin (dilution 
1:125, #13116) and MMP-9 (dilution 1:325, #13667). These antibod-
ies were all purchased from Cell Signaling Technology (CST, USA). 
Finally, the slides were scanned and images were captured in 5 ran-
domly selected visual fields for analysis under a Digital Pathology 
Scanner (Aperio CS2, Leica Biosystems, USA).

The intensity of the dye colour was graded as 0 (no colour), 1 
(light yellow), 2 (light brown), or 3 (brown), and the number of posi-
tive cells was graded as 0 (<5%), 1 (5%-25%), 2 (25%-50%), 3 (51%-
75%) or 4 (>75%). The two grades were multiplied together and 
specimens were assigned to one of 4 levels: 0-1 score (−), 2-4 scores 
(+), 5-8 scores (++), more than 9 scores (+++).18

2.6 | Cell culture

Immortalized human thyroid follicular epithelial cell line Nthy-ori 
3-1 (No.BNCC340487, BRAF wild-type) was purchased from Bena 
Culture Collection (Suzhou, China). The cells were grown as mon-
olayers in no phenol red DMEM/F-12 (Gibco, Invitrogen Corporation, 
USA) supplemented with 10% foetal bovine serum (treated with 5% 
activated carbon before use) and 10 IU/ml penicillin/streptomycin 
and maintained at 37°C, 5% CO2 in a humidified incubator.

2.7 | Plasmids transfection

The pIRESpuro3-EGFP-Flag-6 × His-BRAF-T1799A plasmid and the 
control plasmid pIRESpuro3-EGFP-Flag-6 × His (OBio, Shanghai, 

China) were transfected by Lipo8000™ reagent (Beyotime, China) 
according to the manufacturer's instructions. After 48 hours trans-
fection, the medium was replaced with different concentrations of 
BPA-containing complete medium and the cells were further de-
tected for the following biological function tests.

2.8 | Preparation of BPA-containing culture medium

BPA (Chengdu Aikeda Chemical Reagent Co., Ltd., China) was dis-
solved in dimethyl sulfoxide (DMSO, Sigma-Aldrich, USA) to form a 
1 M stock solution stored at −20°C. The stock solution was diluted 
with complete medium to obtain a drug-containing culture medium 
with a final BPA concentration of 10-3 to 10-10 M for cell treatment. 
The control group was treated with a complete culture medium con-
taining 0.1% DMSO.

2.9 | Cell proliferation assay

Cells were seeded in 96-well plates at a density of 3000 cells per 
well. After 24 hours incubation, the cells were treated with different 
concentrations of BPA for 24, 48 or 72 hours. Then 20 μL MTS was 
added and cells were incubated for 2h to measure the cell viability 
with a microplate reader (EON, BioTek, USA).

2.10 | Scratch wound assay

Cells were seeded in a 6-well plate and transfected when the cell 
fusion rate reached 70%-80%. After 48 hours of cell transfection, 
scratches were made. After treatment with BPA at different concen-
tration, the wound healing of cells at the same location was observed 
with a digital microscope (EVOS XL Core, Thermo Fisher Scientific, 
USA) and the migrated rate of the scratch wound was evaluated 
using Image J software (National Institutes of Health, USA).

2.11 | Cell migration and invasion assays

Transwell chambers were put into 24-well plates, and the apical 
chamber of the basement membrane was coated with Matrigel 
diluent (Corning, USA). The cells (3 × 104 cells/insert for migra-
tion assay; 5.5 × 104 cells/insert for invasion assay), transfected 
different plasmids for 48h, were suspended in 150 μL of serum-
free medium and seeded onto the upper chamber, while the lower 
chamber was loaded with 600 μL complete medium containing 
different concentrations of BPA. After 24 hours of incubation, 
the non-migrating or non-invading cells were removed from the 
upper surface of the membrane by gently scrubbing with the 
cotton-tipped swab. Cells on the lower surface of the membrane 
were fixed with methanol and then stained with 0.2% crystal vio-
let followed by two washes with PBS. Thereafter, cells from five 
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randomly selected microscopic fields were photographed and 
counted (EVOS XL Core, Thermo Fisher Scientific, USA).

2.12 | Colony formation assay

Cells were incubated in 6-well plates for 12 hours, then transfected 
with the corresponding vectors for 48 hours. Afterwards, 2000 cells 
per well were seeded in 12-well plates and exposed to different con-
centrations of BPA. After 7 days, colonies were fixed with 4% para-
formaldehyde and stained using 0.2% crystal violet. Finally, colony 
numbers were counted and analysed using the light microscope 
(Model 200-BFFL-S, Nexcelom Bioscience, USA).

2.13 | Total RNA extraction and quantitative real-
time PCR

Total RNA was extracted from thyroid carcinoma tissues with Trizol 
reagent (Invitrogen Inc, Burlington, ON, Canada). One microgram of 
total RNA was converted to cDNA and then was amplified in du-
plicate using SYBR Premix Ex Taq II (Takara, Dalian, China) and a 
Light Cycler 480 II (Roche, Switzerland) PCR detection system. The 
relative quantification of mRNA levels was calculated by the ln2−ΔCt 
method, normalized to GAPDH. The primer sequences are shown in 
Table S1.

2.14 | Western blot analysis

Western blot analysis was performed as described previously 
with the following antibodies: BRAF (1:1000, #9433), ERK 
(1:1000, #4695), p-ERK (1:2000, #4370), Cox2 (1:1000, #12282), 
E-cadherin (1:1000, #3195), N-cadherin (1:1000, #13116), MMP-9 
(1:1000, #13667) and GAPDH (1:1500, #5174) and secondary 
goat anti-rabbit immunoglobulin G (ab6721, 1:20 000, Abcam 
Inc). All primary antibodies were purchased from Cell Signaling 
Technology (CST, USA). The grey value of protein expression was 
measured with the NIH software Image J (National Institutes of 
Health, USA).19

2.15 | Statistical analysis

Data statistical analysis was carried out using the SPSS 20.0 soft-
ware. The enumeration data were expressed in terms of fre-
quency and percentage and measurement data was expressed as 
mean ± standard deviation (SD). Comparisons between two groups 
were determined by Student's t test. Multiple-group comparisons 
were performed by one-way ANOVA and LSD multiple comparison 
tests. Each independent experiment performed in triplicate and 
represented as ‘n = 3’, and P < .05 was considered as statistically 
significant.

3  | RESULTS

3.1 | Quantitation of BPA exposure in plasma

The demographic data of study subjects were present in supple-
mentary materials (Table S2). BPA inter exposure in plasma of study 
subjects was at 10-7 M, a common human exposed level, while no 
significant difference was found between healthy controls and PTC 
patients. Subsequently, stratified analysis by age, gender, smoking 
habits and alcohol drinking status demonstrated no statistical differ-
ence as well (Table 1).

3.2 | BRAFV600Emutation in PTC tissue

According to the result of immunohistochemical staining with the anti-
BRAFV600E VE1 in tumour tissues from 45 PTC patients, 57.8% of the 
patients (26/45) were concluded to harbour the BRAFV600E mutation. 
In detail, the diffused brownish yellow granules in the cytoplasm rep-
resented for typical positive BRAFV600E mutation (Figure S1).

3.3 | BRAFV600Emutation promoted EMT in PTC

The IHC-P Scores (IHS) of EMT-related proteins were shown in 
Figure 1. We found that the epithelial cell marker E-cadherin ex-
pression in BRAFV600E mutant tissues was significantly repressed 
compared with the wild-type ones (Figure 1B), whereas N-cadherin 
and MMP-9 protein expression was significantly up-regulated in 
BRAFV600E mutated samples (Figure 1E and H). Consistently, tran-
scriptional repression of E-cadherin but activation of N-cadherin and 
MMP-9 was observed in BRAFV600E mutated samples (Figure 1C, F 

TA B L E  1   Comparison of plasma BPA levels between healthy 
controls and PTC patients

Variables

Plasma BPA levels (10-7 M)

P 
Value

Healthy 
controls(n) PTC patients(n)

Total 3.02 ± 0.29(50) 2.87 ± 0.53(45)

Age(years)

<50 3.05 ± 0.35(24) 2.90 ± 0.61(24) 0.096

≥50 2.95 ± 0.18(26) 2.85 ± 0.42(21) 0.295

Sex 0.274

Female 3.00 ± 0.32(39) 2.86 ± 0.56(36)

Male 3.07 ± 0.11(11) 2.91 ± 0.39(9) 0.188

Smoking 0.203

Yes 3.00 ± 0.19(12) 2.84 ± 0.29(16)

No 3.03 ± 0.32(38) 3.05 ± 0.01(29) 0.163

Drinking 0.652

Yes 3.09 ± 0.11(5) 3.04 ± 0.16(10)

No 3.01 ± 0.30(45) 2.82 ± 0.45(35) 0.662
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and I). The above results suggest that the BRAFV600E mutant carci-
noma is more prone to promote EMT than the wild-type ones.

3.4 | BPA exposure enhanced EMT in PTC 
harbouring BRAFV600E mutation

A total of 45 PTC patients were divided into low BPA exposure and 
high BPA exposure groups according to the median BPA exposure level 
in plasma, and the IHS was further analysed in combination with the 
varied BRAF genotypes. In the BPA low-exposure group, E-cadherin 

protein expression was decreased (Figure 2A), while N-cadherin 
(Figure 2B) and MMP-9 (Figure 2C) were increased in PTC patients 
with BRAFV600E mutation compared with wild-type ones. Meanwhile, 
in the BPA high-exposure group, the above proteins showed a similar 
trend to BPA low exposure. Remarkably, E-cadherin mRNA expression 
showed significant repression in ones harbouring BRAFV600E mutation 
combined exposed to high BPA concentration, but such a trend was not 
observed in the low BPA exposure group (Figure 2D); Meanwhile, high 
BPA concentration might induce the repression of E-cadherin but the 
activation of N-cadherin and MMP-9 protein expression in BRAFV600E 
mutated tissues in spite of no statistical significance (Figure 2A-2C). 

F I G U R E  1   BRAFV600E mutation-induced EMT in PTC patients. (A, D and G) Typical images of PTC tissue with strong positive, positive, 
weak positive and negative staining of E-cadherin (A), N-cadherin (D) and MMP-9 (G) in proper order. (B, E and H) Representative for the 
protein expression of E-cadherin, N-cadherin and MMP-9, respectively, in the carcinoma tissues of PTC patients with wide-type or mutated 
BRAFV600E. (C, F and I) Representative for the mRNA expression of E-cadherin, N-cadherin and MMP-9, respectively, in the carcinoma tissues 
of PTC patients with wide-type or mutated BRAFV600E. *P < .05, **P < .01
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The above results indicated that BPA exposure might promote EMT in 
PTC harbouring BRAFV600E mutation.

3.5 | Establishment of the BRAFV600E overexpressed 
cell model

The transfection efficiency in the present experiment was up to 60%-75% 
after 48h's transfection (Figure 3A). Subsequently, we confirmed that com-
pared with the parental and empty vector-transfected Nthy-ori 3-1 cell, the 
introduction of BRAFV600E-mutated vector significantly increased the ex-
pression of BRAF (Figure 3B). In addition, activation of BRAF-ERK signalling 
pathway in Nthy-BRAFV600E cells (Figure 3C), which was evidenced by the 
increased protein levels of BRAF and p-ERK, indicated that the BRAFV600E 
overexpressed thyroid cell model was successfully established. Remarkably, 
Nthy-BRAFV600E cells had a spindle transformed shape other than the Nthy-
Vector cell after 48h's transfection, as shown in Figure 3D-3F.

3.6 | BPA exposure augmented BRAFV600E-induced 
migration/invasion in thyroid cells

To determine the cytotoxicity of BPA, Nthy-ori 3-1 cell line was 
treated with different concentrations of BPA ranging from 10-10 to 
10-3 M for 24, 48 and 72hrs, and then cell viability was assessed by 
MTS kit assay. Our results revealed that BPA treatment promoted 
cell growth at the concentration of 10-10 to 10-4 M while inhibited 

cell growth at 10-3 M, where the most significant proliferation was 
observed at 10-7 M (Supplementary Figure 2A and 2B). Furthermore, 
the cells were treated by BPA (10-4 to 10-3 M) to obtained the inhibi-
tion curve (Figure 2C), where 3.33 × 10-4 M was determined as IC15 
of BPA. Thereby, we considered 3.33 × 10-4 M and 10-7 M as the 
candidate doses in the subsequent in vitro experiments.

Subsequently, scratch wound assay, Transwell migration and 
Matrigel invasion assays were used to study the effect of BRAFV600E 
mutation and BPA exposure on the malignant phenotypes of thy-
roid cells. Compared with Nthy-Vector cells, the mobility of Nthy-
BRAFV600E cells significantly increased under the treatment of 
0, 10-7 M and 3.33 × 10-4 M BPA (Figure 4A–4D), indicating that 
BRAFV600E mutation can enhance the cells migration ability. 
Compared with the control, Nthy-Vector and Nthy-BRAFV600E cells 
exposed to 10-7 M BPA migrated to the scratch and healed the wound 
more quickly (Figure 4B), while cell migration rate was markedly de-
clined after 3.33 × 10-4 M BPA treatment (Figure 4C). Accordingly, 
we concluded that 10-7 M BPA could promote the migration of Nthy-
ori 3-1 cell, while 3.33 × 10-4 M BPA had a contrary effect.

Consistently with the above results of scratch test, BRAFV600E 
mutation and 10-7 M BPA exposure augmented the migration of 
Nthy-ori 3-1 cells, conversely, the migration was suppressed after 
3.33 × 10-4 M BPA exposure (Figure 4E and 4F). Notably, cells with 
BRAFV600E mutation combined 10-7 M BPA exposure undergoing 
high migration (Figure 4E and 4F).

The results Matrigel invasion assays revealed that the BRAFV600E 
mutation significantly enhanced the invasiveness of thyroid cells 

F I G U R E  2   BPA exposure enhanced EMT in PTC patients harbouring BRAFV600E mutation. (A-C) Representative for the IHC-P Score of 
E-cadherin, N-cadherin and MMP-9. (D-F) Representative for the mRNA expression of E-cadherin, N-cadherin and MMP-9. *P < .05
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(Figure 4G and 4H). Hereafter, the cell treated by 10-7 M BPA had 
stronger invasive ability than the control, while 3.33 × 10-4 M BPA 
treatment markedly reduced the number of invaded cells (Figure 4G 
and 4H), suggesting that 10-7 M BPA induced the Nthy-ori 3-1 cells’ 
invasiveness, while 3.33 × 10-4 M BPA had an opposite effect. 
Similarly, cells with BRAFV600E mutation combined 10-7 M BPA ex-
posure undergoing highly invasive mesenchymal transformation 
(Figure 4G and 4H).

The plate colony formation assay was carried out to evaluate 
the cell population dependence and proliferative capacity. The 
results showed that compared with Nthy-Vector cells, the clone 
number of Nthy-BRAFV600E cells significantly increased at 0, 10-

7 M and 3.33 × 10-4 M BPA treatment, indicating that BRAFV600E 
mutation could enhance cell plate colony formation (Figure 4I and 
4J). Compared with the control group, the significant increasing 
clone number in 10-7 M BPA group but the reduced clone number 
in Nthy-Vector and Nthy-BRAFV600E cells after 3.33 × 10-4 M BPA 
exposure were observed, reminding that cell colony formation 
could be promoted by 10-7 M but be inhibited by 3.33 × 10-4 M 
BPA exposure (Figure 4I and 4J).

3.7 | BPA exposure accelerated BRAFV600E-induced 
EMT via activating the ERK-Cox2 signalling pathway

Compared with the control group, 10-7 M BPA treatment can sig-
nificantly promote EMT in Nthy-Vector and Nthy-BRAFV600E cells, 
evidenced by the gain of mesenchymal markers N-cadherin and 
MMP9 or the loss of epithelial marker E-cadherin (Figure 5A-5E), 
whereas 3.33 × 10-4 M BPA treatment also activated the expres-
sion of EMT-related proteins (Figure 5A-5E). It suggested that the 
inhibitory effect of 3.33 × 10-4 M BPA on the migration, invasion 
and clonality of transfected cells might be mainly ascribed to the 
inhibitory effects of high dose of BPA on cells proliferation, rather 
than the EMT process. Remarkably, BRAFV600E mutation combined 
10-7 M BPA exposure significantly promoted the expression of EMT 
markers (E-cadherin reduction and N- cadherin, MMP-9 induction) 
in thyroid cells in vitro (Figure 5A-5E).

In order to explore the roles of ERK1/2-Cox2 signal in the EMT pro-
cess induced by BPA exposure in Nthy-BRAFV600E cells, we subsequently 
detected the expression of several key molecules in this pathway and ob-
served a significantly increased p-ERK and Cox2 levels (Figure 5F-5H), 

F I G U R E  3   Establishment of the 
BRAFV600E overexpressed cell model. (A) 
Typical fluorescence images of Nthy-ori 
3-1 cells after 48h's transfection with 
different plasmids. (B) The mRNA level 
of BRAF gene after 48h's transfection in 
Nthy-ori 3-1 cells. (C) Protein expression 
levels of BRAF, p-ERK, ERK after 48h's 
transfection in Nthy-ori 3-1 cells, 
normalized to GAPDH. (D-F) Typical 
images of parental Nthy-ori 3-1 cells (D) 
and cells transfected with control (E) 
or BRAFV600E mutated plasmid (F). The 
yellow arrow in the figure (F) marked the 
spindle transformed shape cells. **P < .01
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suggesting the activation of ERK-Cox2 pathway in Nthy-BRAFV600E 
cells. Moreover, 10-7 M BPA treatment significantly up-regulated the 
p-ERK and Cox2 levels in both of Nthy-Vector and Nthy-BRAFV600E 

cells, suggesting that the activation of ERK-Cox2 was also induced by 
10-7 M BPA treatment. However, we did not observe a significant effect 
on ERK phosphorylation levels under the treatment of 3.33 × 10-4 M 

F I G U R E  4   BPA exposure augmented BRAFV600E-induced migration/invasion of Nthy-ori 3-1 cells. (A-C) Typical images of the scratch 
assay in Nthy-ori 3-1 cells transfected with different plasmids combined exposure to BPA at the concentrations of 0, 10-7 M and 3.33 × 10-

4 M, respectively. Scale bars are 400 µm. (D) Representative for the migration rate of scratch assay in transfected cells treated with different 
concentrations of BPA. (E) Typical images of Transwell migration experiment in transfected cells treated with different concentrations of 
BPA. Scale bars are 400µm. (F) Representative for the number of migrated cells in transfected cells treated with different concentrations 
of BPA. (G) Typical images of Transwell invasion assay in transfected cells treated with different concentrations of BPA. (H) Representative 
for the number of invading cells in transfected cells treated with different concentrations of BPA. (I) Typical images of colony-forming assay 
in transfected cells treated with different concentrations of BPA. (J) Qualification of the above colony-forming assay. Data presented as 
mean ± SD. *P < .05, **P < .01, #P < .05 vs. the control group

F I G U R E  5   BPA exposure accelerated 
BRAFV600E-induced EMT of Nthy-ori 3-1 
cell via activating the ERK-Cox2 signalling 
pathway. (A) The protein expressions 
of BRAF, MMP-9, E-cadherin and 
N-cadherin proteins in transfected cells 
treated with different concentrations of 
BPA. (B-E) Relative intensity of BRAF, 
E-cadherin, N-cadherin and MMP-9 
protein expression. (F) The protein 
expression of BRAF p-ERK, ERK and Cox2 
in transfected cells treated with different 
concentrations of BPA. (G-H) Relative 
intensity of p-ERK/ERK and Cox2 protein 
expression. Data presented as mean ± SD. 
*P < .05, **P < .01; #P < .05, ##P < .01 vs. 
the control group
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BPA in the above two cells(Figure 5F and 5G). Remarkably, we observed 
a combinative effect of BRAFV600E mutation and 10-7 M BPA exposure 
on the activation of the ERK-Cox2 pathway (Figure 5F-5H).

4  | DISCUSSION

The BRAFV600E mutation as the most common genetic alteration in 
PTC and PTC-derived undifferentiated thyroid carcinoma contrib-
utes to a constitutively active onco-kinase9,20 and is associated with 
extra-thyroidal extension, metastases, recurrence, and mortality in 
PTC patients. A plethora of studies revealed that BRAFV600E controls 
a network of genes crucial in integrating and regulating the extra-
cellular and intracellular signalling in thyroid cancer cells through 
the p-MEK1/2 and p-ERK1/2 pathway, which may be fundamental 
to trigger an abnormal cell differentiation/totipotency and shape/
polarity, and contribute to tumour aggressiveness. Recently, an im-
munohistochemistry method with an anti-BRAFV600E VE1, targeting 
the specific amino acid sequence (amino acids 596-606), has been 
widely adopted to analyse BRAFV600E mutation status in routine 
pathological diagnosis.17 In the present study, the evaluation of the 
BRAFV600E mutation was identified by the immunohistochemistry 
stain with BRAFV600E-specific (VE1) in 26 out of 45 cases (57.8%), 
consistently with the previous reports, which demonstrated a higher 
incidence of BRAFV600E mutation in thyroid carcinoma.

Exposure to BPA via food consumption and environmental intakes 
in human beings has increased in recent years due to an increase in 
products based on epoxy resins and polycarbonate plastics. Our cur-
rent study revealed that the BPA exposure level in PTC patients’ plasma 
(1.20 × 10-7 to 3.50 × 10-7 M) was slightly higher than the reported 
data ranging from 0.05 to 34.46 ng/mL (2.19 × 10-10 to 1.51 × 10-

7 M),21 while the data were consistent with a study of 300 Korean 
women whose serum BPA content range was from 0 to 66.48 ng/mL (0 
to 2.91 × 10-7 M).22 The inconsistent exposure level of BPA may be due 
to the ethnic variation, sample size, survey accuracy and measurement 
mode. Although our results demonstrated that PTC patients carrying 
BRAFV600E mutation had higher plasma BPA levels than wild-type ones 
according to statistical analysis, the real difference in biology signifi-
cance needs to be further explored in the subsequent consideration.

Previous studies revealed that BPA exposure had the potential 
to induce metastasis and migration of cancer cells via activating sev-
eral signalling pathways associated with the EMT program.4,16 Our 
experiment also emphasized the importance of BPA exposure in the 
EMT process. Remarkably, BPA exposure accelerated the EMT pro-
cess of PTC harbouring BRAFV600E mutation, which was evidenced 
by the significant down-regulation of E-cadherin and slight up-regu-
lation of N-cadherin and MMP9.

A thyroid cell line Nthy-ori 3-1 cell harbouring wild-type BRAF23 was 
used as an ideal cell model in the present study for further in vitro trans-
fection. Our results demonstrated that the overexpressed BRAFV600E 
mutation could make the thyroid cells acquire some typical phenotype 
of mesenchymal cell, such as more elongated shape and less intercellular 
contacts, as reported the alteration in cell morphology during the EMT 

process mainly induced by the conversion of cytoskeletal proteins from 
keratin to vimentin.24 Notably, our in vitro data reminded 10-7 M BPA 
exposure, a common human exposed dose could facilitate the process of 
EMT especially in PTC harbouring BRAFV600E mutation.

Overall less is known about the exact mechanisms by which BPA 
exposure could promote the EMT process of BRAF mutated thyroid 
cells. In light of previous research, BPA regulated Cox2-mediated EMT 
in hemangioma cells,25 and BRAFV600E-induced EMT was dependent on 
the RAF-MEK-ERK signalling pathway,26,27 our study introduced the 
ERK-Cox2 signal pathway to explain the potential mechanism. As ex-
pected, our data further clarified whether BPA exposure or BRAFV600E 
induced EMT was mediated by activating the ERK-Cox2 signalling 
pathway to enhance migration, invasion and clonality in thyroid cells, 
especially at 10-7 M BPA exposure. However, 10-4 M BPA treatment 
led to an inhibitory effect on the migration, invasion and clonality due 
to higher toxicity in thyroid cells. Undoubtedly, 10-7 M BPA exposure 
will bring more serious health risks to PTC patients carrying BRAFV600E 
mutation. As 10-7 M BPA exposure as a human exposed dose is of 
vital importance, our current study mainly focused on the health ef-
fects at such an exposed dose. Accordingly, it is necessary to suggest 
that patients suffering from thyroid disease should minimize the use 
of tableware and plastic products containing BPA in their daily lives.28

Taken together, this study has focused on the interaction between 
BPA exposure and BRAFV600E mutation on the EMT progress of PTC for 
the first time. Remarkably, BPA exposure at a human exposed dose can 
synergize with the BRAFV600E mutation to promote EMT phenotype 
formation of thyroid cells by activating the ERK-Cox2 signalling path-
way and further accelerate the migration/invasion of PTC. Although 
there are some limitations, our current study may contribute to under-
standing some shallow mechanisms underlying the combined effect of 
genetic mutation and endocrine-disrupting chemicals exposure.

ACKNOWLEDG EMENTS
This study was supported by grants from the National Natural 
Science Foundation of China (81773470), the Liaoning Provincial 
Key Research and Development Program (No.2017225056, 
No.ZF2019034), the National Cancer Center's ‘Climbing' Program 
(NCC201806B009), and the Provincial Natural Science Foundation 
of Liaoning (No.2019-ZD-0595).

CONFLIC T OF INTERE S T
No conflicts of interest exist regarding this study.

AUTHOR CONTRIBUTION
Liuli Li: Conceptualization (equal); Data curation (equal); Formal 
analysis (lead); Investigation (lead); Software (equal); Validation 
(equal); Visualization (lead); Writing-original draft (equal); Writing-
review & editing (lead). Hao Li: Conceptualization (equal); Data cura-
tion (equal); Formal analysis (equal); Investigation (equal); Validation 
(equal); Visualization (equal); Writing-original draft (equal). Jun 
Zhang: Conceptualization (equal); Data curation (equal); Formal 
analysis (equal); Investigation (equal); Methodology (equal); Software 
(equal); Visualization (equal). Xin Gao: Investigation (supporting); 



     |  1749LI et aL.

Methodology (equal); Project administration (equal); Software 
(equal); Supervision (equal); Validation (equal). Hao Jin: Methodology 
(equal); Project administration (supporting); Resources (equal); 
Software (equal); Supervision (equal); Validation (equal). Renqi Liu: 
Investigation (supporting); Methodology (equal); Project administra-
tion (equal); Resources (equal); Software (equal); Supervision (equal); 
Validation (equal). Zhen Zhang: Investigation (equal); Methodology 
(equal); Project administration (supporting); Resources (support-
ing); Validation (equal); Visualization (equal). Xuan Zhang: Data 
curation (equal); Formal analysis (equal); Investigation (equal); 
Methodology (equal); Software (equal); Validation (equal). Xichang 
Wang: Investigation (equal); Methodology (equal); Software (equal); 
Visualization (equal). Peng Qu: Formal analysis (equal); Investigation 
(equal); Methodology (equal); Software (equal). Yuejiao Zhao: 
Conceptualization (equal); Funding acquisition (equal); Methodology 
(equal); Project administration (equal); Resources (equal); Supervision 
(equal); Writing-review & editing (equal). Xiaobo Lu: Conceptualization 
(lead); Funding acquisition (lead); Project administration (lead); 
Resources (equal); Supervision (lead); Writing-review & editing (lead).

ORCID
Xichang Wang  https://orcid.org/0000-0002-4115-3367 
Xiaobo Lu  https://orcid.org/0000-0002-3136-9439 

R E FE R E N C E S
 1. La Vecchia C, Malvezzi M, Bosetti C, et al. Thyroid cancer mortality 

and incidence: a global overview. Int J Cancer. 2015;136:2187-2195.
 2. Hanly EK, Rajoria S, Darzynkiewicz Z, et al. Disruption of mutated 

BRAF signaling modulates thyroid cancer phenotype. BMC Res Notes. 
2014;7:187.

 3. Madani A, Jozaghi Y, Tabah R, et al. Rare metastases of well-differentiated 
thyroid cancers: a systematic review. Ann Surg Oncol. 2015;22:460-466.

 4. Jolly MK, Ward C, Eapen MS. Epithelial-mesenchymal transition, 
a spectrum of states: role in lung development, homeostasis, and 
disease. Dev Dyn. 2018;247:346-358.

 5. Bahrami A, Majeed M, Sahebkar A. Curcumin: a potent agent to re-
verse epithelial-to-mesenchymal transition. Cell Oncol (Dordrecht). 
2019;42:405-421.

 6. Islam SS, Mokhtari RB, El Hout Y, et al. TGF-beta1 induces EMT 
reprogramming of porcine bladder urothelial cells into collagen pro-
ducing fibroblasts-like cells in a Smad2/Smad3-dependent manner. 
J cell Commun Signal. 2014;8:39-58.

 7. Yeung KT, Yang J. Epithelial-mesenchymal transition in tumor me-
tastasis. Mole Oncol. 2017;11:28-39.

 8. Liao TT, Yang MH. Revisiting epithelial-mesenchymal transition in 
cancer metastasis: the connection between epithelial plasticity and 
stemness. Mole Oncol. 2017;11:792-804.

 9. Cohen Y, Xing M, Mambo E, et al. BRAF mutation in papillary thy-
roid carcinoma. J Natl Cancer Inst. 2003;95:625-627.

 10. Li XU, Ying G-G, Zhao J-L, et al. 4-Nonylphenol, bisphenol-A and 
triclosan levels in human urine of children and students in China, 
and the effects of drinking these bottled materials on the levels. 
Environ Int. 2013;52:81-86.

 11. Wang H-X, Zhou Y, Tang C-X, et al. Association between bisphe-
nol A exposure and body mass index in Chinese school children: a 
cross-sectional study. Environ Health. 2012;11:79.

 12. Zhou Z, Zhang J, Jiang F, et al. Higher urinary bisphenol A concen-
tration and excessive iodine intake are associated with nodular goi-
ter and papillary thyroid carcinoma. Biosci Rep. 2017;37.

 13. Soto AM, Sonnenschein C. Environmental causes of cancer: endocrine 
disruptors as carcinogens. Nature Rev Endocrinol. 2010;6:363-370.

 14. Zhai D, He J, Li X, et al. Bisphenol A regulates Snail-mediated epi-
thelial-mesenchymal transition in hemangioma cells. Cell Biochem 
Funct. 2016;34:441-448.

 15. Kim JY, Choi HG, Lee HM, et al. Effects of bisphenol compounds 
on the growth and epithelial mesenchymal transition of MCF-7 CV 
human breast cancer cells. J Biomed Res. 2017;31:358-369.

 16. Oral D, Erkekoglu P, Kocer-Gumusel B, et al. Epithelial-mesenchymal 
transition: a special focus on phthalates and bisphenol A. J Environ 
Pathol Toxicol Oncol. 2016;35:43-58.

 17. Kim J-K, Seong CY, Bae IE, et al. Comparison of immunohisto-
chemistry and direct sequencing methods for identification of the 
BRAF(V600E) mutation in papillary thyroid carcinoma. Ann Surg 
Oncol. 2018;25:1775-1781.

 18. Yan Y, Zhang Y-X, Fang W-F, et al. Roles of immunohistochemical 
staining in diagnosing pulmonary squamous cell carcinoma. Asian 
Pacific J Cancer Prev. 2015;16:551-557.

 19. Zhang L, Yang J, Wu S, et al. Activation of Nrf2/ARE signaling path-
way attenuates lanthanum chloride induced injuries in primary rat 
astrocytes. Metallomics. 2017;9:1120-1131.

 20. Rahman MA, Salajegheh A, Smith RA, et al. B-Raf mutation: 
a key player in molecular biology of cancer. Exp Mol Pathol. 
2013;95:336-342.

 21. Zhang YongHong, Wei F, Zhang J, et al. Bisphenol A and estro-
gen induce proliferation of human thyroid tumor cells via an 
estrogen-receptor-dependent pathway. Arch Biochem Biophys. 
2017;633:29-39.

 22. Lee YJ, Ryu H-Y, Kim H-K, et al. Maternal and fetal exposure to bi-
sphenol A in Korea. Reprod Toxicol (Elmsford, NY). 2008;25:413-419.

 23. Rajoria S, Suriano R, Shanmugam A, et al. Metastatic phenotype is 
regulated by estrogen in thyroid cells. Thyroid. 2010;20:33-41.

 24. Baquero P, Sánchez-Hernández I, Jiménez-Mora E, et al. (V600E)
BRAF promotes invasiveness of thyroid cancer cells by decreas-
ing E-cadherin expression through a Snail-dependent mechanism. 
Cancer Lett. 2013;335:232-241.

 25. Wang K-H, Kao A-P, Chang C-C, et al. Bisphenol A-induced epithe-
lial to mesenchymal transition is mediated by cyclooxygenase-2 
up-regulation in human endometrial carcinoma cells. Reprod Toxicol 
(Elmsford, NY). 2015;58:229-233.

 26. Makrodouli E, Oikonomou E, Koc M, et al. BRAF and RAS onco-
genes regulate Rho GTPase pathways to mediate migration and in-
vasion properties in human colon cancer cells: a comparative study. 
Mol Cancer. 2011;10:118.

 27. Yan R, Yang T, Zhai H, et al. MicroRNA-150-5p affects cell prolifera-
tion, apoptosis, and EMT by regulation of the BRAF(V600E) mutation 
in papillary thyroid cancer cells. J Cell Biochem. 2018;119:8763-8772.

 28. Zhang YF, Ren XM, Li YY, et al. Bisphenol A alternatives bisphenol S and 
bisphenol F interfere with thyroid hormone signaling pathway in vitro 
and in vivo. Environ Poll (Barking, Essex: 1987). 2018;237:1072-1079.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Li L, Li H, Zh.ang J, et al. Bisphenol A 
at a human exposed level can promote epithelial-
mesenchymal transition in papillary thyroid carcinoma 
harbouring BRAFV600E mutation. J Cell Mol Med. 
2021;25:1739–1749. https://doi.org/10.1111/jcmm.16279

https://orcid.org/0000-0002-4115-3367
https://orcid.org/0000-0002-4115-3367
https://orcid.org/0000-0002-3136-9439
https://orcid.org/0000-0002-3136-9439
https://doi.org/10.1111/jcmm.16279

