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High iodine can alter the proliferative activity of thyroid cancer cells, but the underlying
mechanism has not been fully elucidated. Here, the role of high iodine in the proliferation of
thyroid cancer cells was studied. In this study, we demonstrated that high iodine induced
the proliferation of BCPAP and 8305C cells via accelerating cell cycle progression. The
transcriptome analysis showed that there were 295 differentially expressed genes (DEGs)
in BCPAP and 8305C cells induced by high iodine, among which CDK1 expression
associated with the proliferation of thyroid cancer cells induced by high iodine. Moreover,
the western blot analysis revealed that cells exposed to high iodine enhanced the
phosphorylation activation of AKT and the expression of phospho-Wee1 (Ser642), while
decreasing the expression of phospho-CDK1 (Tyr15). Importantly, the inhibition of AKT
phosphorylation revered the expression of CDK1 induced by high iodine and arrested the
cell cycle in the G1 phase, decreasing the proliferation of thyroid cancer cells induced by
high iodine. Taken together, these findings suggested that high iodine induced the
proliferation of thyroid cancer cells through AKT-mediated Wee1/CDK1 axis, which
provided new insights into the regulation of proliferation of thyroid cancer cells by iodine.

Keywords: thyroid cancer, high iodine, proliferation, transcriptome analysis, cyclin-dependent kinase 1
(CDK1), AKT
INTRODUCTION

Follicular cell-derived thyroid cancer is the most common endocrine cancer, which can be mainly
classified into papillary cancer (PTC), follicular cancer (FTC) and anaplastic cancer (ATC) (1).
Among them, PTC is a well-differentiated carcinoma with an excellent prognosis, and accounts for
over 80% of the total incidence (2); while ATC is the most aggressive thyroid carcinoma with poor
prognosis, only accounting for less than 5% of the incidence, but it accounts for a large proportion of
the mortality (2–5). In recent years, thyroid cancer incidence has been obviously increasing
worldwide and most of the new cases were attributing to PTC (6–9). Evidences have suggested
that increased ability to detect and diagnose or overdiagnosis may be the substantial, but there are
also other contributors to this increase (10–12). Some genetic and environmental factors are also
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suspected to be the risk factors, especially the relationship
between iodine excess intake and thyroid cancer (13–16).
Thus, it is imminent to explore the implications of high iodine
exposure on thyroid cancer.

As an essential trace element for thyroid function, iodine plays
an important role in human growth development andmetabolism.
Either deficient or excessive iodine intakes contribute to the
progress of thyroid disease (17). Available evidences suggest that
iodine deficiency is a risk factor for thyroid cancer (18, 19), but the
effect of iodine excess on thyroid cancer remains controversy (20,
21). Furthermore, studies suggest that iodine intake higher than
physiological concentration promotes the growth of thyroid
cancer cells (22, 23). However, until now, the mechanism
underlying the promotive effect of high iodine on the thyroid
cancer cells is not fully elucidated.

As other neoplastic lesions, the development of thyroid cancer
results from an imbalance between cellular proliferation and
programmed cell death. Ordered regulation of cell cycle is
crucial to the survival of a cell and prevention of uncontrolled
cell division. Cell cycle checkpoints controlled by numerous
proteins are the regulatory mechanism that controls the order
and temporal coordination of cell cycle transition (24). There are
over 13 diverse CDKs and 25 cyclins in human cells, which can
formmultiple CDK-cyclin complexes at distinct stages of cell cycle
to exert specific effects on cell cycle progression (25). Among
them, CDK1 is the key regulator of cell cycle regulation, binds to
Cyclin B and forms cyclin B1-CDK1 complex, which is necessary
for G2/M transformation (26). Overexpression of CDK1 have been
found in various type of human cancers, including thyroid cancer
(27), ovarian cancer (28), colorectal cancer (29), etc, thus it plays a
pivotal role in driving oncogenesis.

Protein kinase B (AKT) is an important signaling molecular in
regulating cell survival and proliferation, which promotes cell cycle
progression via regulating the cell cycle regulators, resulting in
cancer development and progression (30). In humans, there are
three AKT genes, namely AKT1, AKT2, and AKT3, which is a
high degree of amino acid sequence similarity (31). Among them,
AKT1 plays a vital role in cell proliferation and survival. There are
multiple targets available for AKT1, which stimulates cellular
proliferation through downstream substrates with significant
implications on cell cycle progression and regulation (32). It is
reported that AKT can inhibit Wee1 or Myt1 via AKT-dependent
phosphorylation, while the phosphorylation of CDK1 at Tyr15
and Thr14 catalyzed by Wee1 and Myt1 results in inhibition of
CDK1 and prevents entry into mitosis, thereby promoting the
G2/M transition (33). Thus, AKT indirectly causes the activation
of CDK1 and promotes cell cycle progression at G2/M transition.
AKT activation has been observed in thyroid cancers, and
mediates thyroid cancer development promoted by iodine (34).
However, it is unclear whether CDK1 expression regulated by
AKT is involved in the proliferation of thyroid cancer cells
induced by iodine via regulating cell cycle progression.

This study was designed to explore whether AKT-mediated
Wee1/CDK1 axis is involved in the proliferation of PTC and
ATC cells induced by high iodine, with a new insights that iodine
plays the role on cell proliferation in thyroid cancer.
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MATERIALS AND METHODS

Chemicals and Solutions
Ly294002 (CAS no.154447-36-6), a specific inhibitor for PI3K/
AKT pathway, was purchased from MCE (purity > 99.9%) and
dissolved in Dimethyl Sulfoxide (DMSO, Sigma) to yield the
working concentrations. It was well-mixed and well-distributed
in DMSO prior to and throughout dosing.

Cell Lines and Cell Culture
The human PTC cell line (BCPAP) and ATC cell line (8305C) were
purchased from the cell library of the Chinese Academy of Sciences,
which were respectively cultured in RPMI 1640 medium (Thermo
Fisher Scientific) or Eagle’s Minimum Essential Medium (Gibco)
supplemented with 10% fetal bovine serum (FBS, Gibco). Cells were
incubated at 37°C in humidified air containing 5% CO2.

Cell Proliferation Assay
Cells were seeded in 96-well plates (5000 cells/well), cultured
over-night and exposed to test agents in complete medium. Cell
viability was evaluated by Cell Counting Kit-8 kit (CCK-8,
Dojindo) and Ethynyldeoxyuridine assay (EdU, RiboBio)
according to the manufacturer’s protocol.

Cell Cycle Assay
BCPAP and 8305C cells were seeded into 6 well plates (106 cells/
well), cultured over-night and exposed to test agents in complete
medium. Cell cycle distribution was subsequently analyzed by
Cell Cycle and Apoptosis Analysis Kit (Beyotime Biotechnology)
according to the manufacturer’s protocol. The cellular DNA
content was measured by flow cytometry (Becton Dickinson,
BD), and the percentage of cells in each phase of cell cycle was
analyzed using the ModFit software.

Cell Apoptosis Assay
Annexin V-FITC Apoptosis Detection kit (BD, USA) was used to
detect cell apoptosis. BCPAP and 8305C (2 × 106 cells/well) were
washed twice with cold PBS and resuspended in 1X Binding
Buffer. Cells were analyzed with a flow cytometer (BD Accuri C6
Plus, USA). FlowJo V10 was used to calculate the number of
viable cells, early apoptotic cells, and late apoptotic cells.

Quantitative Real-Time RT-PCR
Total RNA was extracted using TRIzol reagent (TaKaRa). cDNA
was synthesized with the Prime-Script RT reagent Kit (TaKaRa).
RT-qPCR analyses for CDK1, Wee1, AKT1 and b-actin were
performed using SYBR Premix ExTaq (TaKaRa). The primers
used were listed in Table S1. RT-qPCR was performed using the
ABI 7500 fast real-time PCR machine (Applied Biosystems). The
relative expression of each gene was calculated and normalized
using the 2−DDCt method. RT-qPCR was conducted in triplicate
for each sample.

Microarrays Analysis
Total RNA was extracted from three paired samples of BCPAP
and 8305C cells treated with or without exposure to high iodine
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using TRIzol reagent (TaKaRa). cDNA probes were synthesized
from the total RNA and subjected to hybridization with a
HuGene 2 1 ST array (Affymetrix). Raw intensity data for each
experiment were analyzed with the use of Transcriptome
Analysis Console (TAC) software (Applied Biosystems).

Identification Differentially
Expressed Genes
The DEGs were screened with |Flod Change| > 1.5 and p-value <
0.05. A Venn diagram was conducted via the online tool (https://
bioinfogp.cnb.csic.es/tools/venny/) to obtain genes that was
regulated by iodine in PTC and ATC cells. Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis were performed with R loading with packages
“clusterProfiler,” “enrichplot,” and “ggplot2.” Both p- and false
discovery rate (FDR) < 0.05 were considered significantly enriched.

Western Blot Analysis
The proteins in BCPAP and 8305C cells were extracted using the
Total Protein Extraction Kit (Beyotime Biotechnology). The
extracted protein (40 mg) were separated by 10% sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and then
electrophoretically transferred to polyvinylidene fluoride (PVDF)
membranes (Millipore). After blocking in 5% non-fat milk for 1 h
at room temperature, the membranes were incubated overnight at
4°C with primary antibodies against AKT, p-AKT, Wee1, p-Wee1,
Cyclin B and b-actin (1:1000; Cell Signaling Technology), CDK1
(1:1000; Abcam), p -CDK1 (1:1000; R&D), Cyclin A (1:1000;
Affinity), caspase 3 (1:250; Affinity) and Cleaved caspase 3
(1:250; Affinity). After incubation with secondary antibodies
(1:5000 dilution; CST) for 1 h, TBST was used to wash the
protein bands, which were visualized using an enhanced
chemiluminescence (ECL) detection reagent (Haigene) and
detected using the Tanon imaging system (Tanon).

Xenograft Tumor Model
Animal experiments were performed in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals, which was approved by the institutional
animal care and use committee of Harbin Medical University
(hrbmuecdc20180302). For xenograft experiments, twenty
BALB/c nude mice of 4–6 weeks old were divided into four
groups randomly based on body weights (BCPAP: control,
I6000mg/L; 8305C: control, I6000mg/L; n = 5 for each group). Each
mouse was injected with 2 × 107 indicated cells. Tumor volume
was calculated by measuring the length and width of the tumor
(tumor volume = length×width2/2). The measurement was
carried out every 3 days. After 21 days in tumor formation, the
mice were sacrificed by cervical dislocation and the tumors were
removed and weighed for further analysis, and the blood
sampled isolated from by eyeball extirpating.

Determination of Iodine Concentration
in Serum
Iodine content in serum was detected by As3+-Ce4+ catalytic
spectrophotometry based on the nationally standardized method
in China (WS/T572-2017). Briefly, 0.5 ml perchloric acid and
Frontiers in Oncology | www.frontiersin.org 3
0.6 ml sodium chlorate, respectively, was added to 0.20 ml blood
samples, vortex-mixed, digested at 130°C for 2 h, 0.6 ml
ammonium ceric sulfate were added after adding 3 ml arsenic
acid and iodine concentration in diluted blood and standard
samples with different concentrations were tested by a double-
beam UV-Vis Spectrophotometer (Beijing Persee General
Instruments Co. Ltd).

Immunohistochemical Analysis
All specimens were fixed in 4% paraformaldehyde, embedded in
paraffin and then sectioned at a thickness of 4mm. Briefly, the
sections were treated with 3.0% H2O2 for 10 min to block the
endogenous peroxidase activity. Each section was subjected to
microwave antigen retrieval with citrate buffer (0.01%, pH 6.0)
and blocked with 5% bovine serum albumin for 30 min. Then,
the sections were incubated in a humidity chamber with the
following antibodies overnight at 4°C: PCNA (1:400; #13110;
CST, USA), CDK1 (1:100; #133327; Abcam), p-CDK1 (1:100;
R&D), Wee1 (1:150; #203236; Abcam), p-Wee1 (1:100; #203236;
Abcam), AKT (1:100; #4691; CST), p-AKT (1:50; #AF0016;
Affinity), caspase 3 (1:50; #AF6311; Affinity) or Cleaved
caspase 3 (1:50; #AF7022; Affinity). Next, sections
were incubated with a one-step polymer detection for mouse/
rabbit antibodies (ZSGB Biotechnology) in a humidity chamber
for 20 min at room temperature, incubated (for color
development) in a DAB staining kit (ZSGB Biotechnology) and
finally counterstained with hematoxylin for 1 min. Staining
scores were observed in terms of staining intensity and
percentage of positively stained cells. Staining intensity was
divided into four grades: 0 (no staining), 1 (weak staining), 2
(intermediate staining), or 3 (strong staining). The staining
percentages were divided into the following grades: 0 (<5%
positive), 1 (<25% positive), 2 (25%–50% positive), 3 (51%–
75% positive), and 4 (>75% positive) (35). Independent fields
(×400) were randomly selected to obtain an average score.

Statistical Analysis
Statistical analysis was carried out using SPSS 23.0 (IBM). Data
were expressed as mean ± SD and were analyzed with
independent samples t-test or one-way ANOVA. The post hoc
analysis was carried out to compare the significance between
groups by Dunnett T3 test or LSD test. Differences in tumor
volume among iodine treatments and control groups were
compared using the repeated measure of ANOVA, and
differences in tumor weight and iodine concentration in serum
between iodine treatments and control groups were compared
using Mann-Whitney U test or independent samples t-test. P <
0.05 was considered statistically significant.
RESULTS

High Iodine Promotes the Proliferation of
BCPAP and 8305C Cells via Regulating
Cell Cycle Progression
CCK-8 assays were used to identify the effect of high iodine on the
proliferation of BCPAP and 8305C cells. As shown in Figure 1A,
March 2021 | Volume 11 | Article 622085
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after treatments with 2 mmol/L KIO3 for 72 h, the viability of
BCPAP and 8305C cells increased up to 18% and 11% (P < 0.05),
respectively. Therefore, treatment with 2 mmol/L KIO3 for 72 h
was used as the dose and time of KIO3 treatment in the
following experiments.

The effect of high iodine on DNA synthesis in BCPAP and
8305C cells was examined by EdU assay, a sensitive and robust
method to evaluate cell proliferation. As shown in Figure 1B,
compared with the control groups, treatment with 2 mmol/L
KIO3 for 72 h increased the EdU-positive rate of BCPAP and
8305C cells by 27.5% and 53.4%, respectively. These results
indicated that exposure to high iodine promoted the
proliferation of BCPAP and 8305C cells.

Next, flow cytometry was used to analyze the effect of high
iodine on the cell cycle in BCPAP and 8305C cells. As shown in
Figure 1C, compared with the control groups, treatment with
2 mmol/L KIO3 for 72 h significantly decreased the proportion of
G1 and G2 phase cells but increased the proportion of S phase
cells in both BCPAP and 8305C cells (P < 0.05). These results
indicated that high iodine may regulate cell cycle in BCPAP and
8305C cells.

In addition, we evaluated apoptosis using the Annexin-V-
FITC/PI method. Flow cytometry results showed that the
apoptotic rate of BCPAP and 8305C cells decreased with
Frontiers in Oncology | www.frontiersin.org 4
exposure to 2 mmol/L KIO3 for 72 h (Figure 1D). The average
percentage of apoptotic cells in the high-dose group was
significantly lower than that in the control group (for BCPAP
cells: 9.489% vs. 4.56%; for 8305C cells: 9.02% vs. 5.43, P < 0.01).
These results indicated that high iodine may promote the
proliferation of BCPAP and 8305C cells and inhibit apoptosis.

Differential Expression Genes and
Enrichment Analysis
To explore the molecular mechanisms that high iodine induced
the proliferation of thyroid cancer cells, gene microarray were
used to conduct a comprehensive analysis. As shown in the
volcano plots, 153 and 149 DEGs were identified which regulated
by high iodine in the BCPAP and 8305C cells compared to
control groups (Figure 2A). As shown in the Venn diagram, a
total of 295 DEGs were significantly regulated in BCPAP and
8305C cells with exposure to high iodine, in which the seven
genes were identified (DIAPH3, KIF20B, LINC00472,
LOC105374715, PHIP, SGOL1, and ZNF581) in both BCPAP
and 8305C cells (Figure S1). These results indicated these genes
played a critical role in the proliferation of thyroid cancer cells
induced by high iodine.

In present study, the GO/KEGG enrichment analysis was
applied based on DEGs to classify significantly enriched
A

B

D

C

FIGURE 1 | High iodine promoted the proliferation of thyroid cancer cells. (A) BCPAP and 8305C cells were treated with gradient concentrations of high iodine for
72 h. Cell proliferation was evaluated by CCK-8 assays. (B) BCPAP and 8305C cells were treated with 2 mmol/L KIO3 treatment for 72 h. Cell viability was evaluated
by EdU assays. (C) Flow cytometry analysis of G1, S, and G2/M phases in BCPAP and 8305C cells that were treated with or without high iodine. (D) Apoptosis rate
of BCPAP and 8305C cells induced by high iodine for 72 h were detected by flow cytometry. *P < 0.05, **P < 0.01, ***P < 0.001.
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pathways. For GO analysis, these influences of DEGs on cellular
GO enrichment terms are shown in Figure S2A, including
cellular process, cellular anatomical entity, membrane-bounded
organelle, intracellular organelle, cytoplasm, etc. For KEGG
analysis, 63 pathways regulated by iodine were significantly
enriched, including cel l cycle, PI3K/AKT pathway,
transcriptional misregulation in cancer, etc (Figure S2B).
Importantly, a network of interactions between genes and
Frontiers in Oncology | www.frontiersin.org 5
pathways based on 295 DEGs was identified (Figure 2B),
suggesting that cell cycle pathway is closely related to CDK1.

In addition, protein-protein interaction (PPI) network were
constructed via the STRING database and used Cytoscape
software to identify significant genes that regulated by
high iodine. The interactions among 295 genes are shown in
Figure S3, and the bar plots were represented for the top 10
genes ranked by the number of nodes software. Finally, CDK1,
A

B

FIGURE 2 | Identification of genes related to high iodine. (A) Volcano plot of DEGs in BCPAP and 8305C cells were treated with or without high iodine. Red/green
symbols classify the upregulated/downregulated genes according to the criteria: |Fold Change| >1.5 and P-value < 0.05. (B) An interactive network between genes
and pathways based on DEGs from KEGG enrichment analysis.
March 2021 | Volume 11 | Article 622085
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as the most significant gene, was identified from the
above analysis.

High Iodine Significantly Increases AKT/
Wee1/CDK1 Expression in the Thyroid
Cancer Cells
As mentioned above, CDK1, as a significant hub gene in PPI
network, was identified, the protein and mRNA expression of
that was detected to determine whether high iodine stimulated
their expression in BCPAP and 8305C cells. Shown in Figures
3A, B, the expressions of CDK1 were both significantly increased
in mRNA (P < 0.01) and protein level (P < 0.05) in BCPAP and
8305C cells treated by high iodine compared with those in
the control.

Due to the interaction among CDK1, Wee1 and AKT1 as well
as their crucial role in the cell cycle progression, the expression of
Wee1 and AKT1 were detected in mRNA and protein level. As
shown in Figures 3C, E, western blot analyses indicated that
treatment with 2 mmol/L KIO3 for 72 h significantly increased
Frontiers in Oncology | www.frontiersin.org 6
the levels of phospho-AKT (Ser473) and phospho-Wee1
(Ser642) in both cell lines, whereas the levels of AKT and
Wee1 were unchanged, thereby elevating the ratio of p-AKT/
AKT (P < 0.05) and p-Wee1/Wee1 (P < 0.01) in BCPAP and
8305C cells. Similarly, shown in Figures 3D, F, the expression of
AKT1 in mRNA level (P < 0.05) was significantly increased in
BCPAP and 8305C cells treated with high iodine compared with
those in the control groups, while the expression of Wee1 in
mRNA level (P < 0.05) decreased in an opposite manner. These
results indicated that high iodine significantly increased AKT/
Wee1/CDK1 expression in thyroid cancer cells. Since CDK1 is
partnered by cyclin A and cyclin B, we examined the expression
of Cyclin A and Cyclin B protein in BCPAP and 8305C cells
treated with high iodine. The results showed that the expression
of Cyclin A and Cyclin B protein was no significant difference
between these groups (Figure S4). In addition, high iodine can
inhibit the apoptosis of BCPAP and 8305C cells. And, western
blot results showed that the ratio of cleaved-caspase3/caspase3
significantly decreased in BCPAP and 8305C cells treated with
A B

D

E F

C

FIGURE 3 | High iodine increased AKT/Wee1/CDK1 expression in BCPAP and 8305C cells. Data were presented as means ± SD. (A) Western blot of CDK1 and p-
CDK1 in BCPAP and 8305C cells treated with or without 2 mmol/L KIO3 for 72 h. (B) RT-qPCR was used to detect the expression of CDK1 in BCPAP and 8305C
cells treated with or without 2 mmol/L KIO3 for 72 h. (C) Western blot of Wee1 and p-Wee1 in BCPAP and 8305C cells treated with or without 2 mmol/L KIO3 for
72 h. (D) RT-qPCR was used to detect the expression of Wee1 in BCPAP and 8305C cells treated with or without 2 mmol/L KIO3 for 72 h. (E) Western blot of AKT
and p-AKT in BCPAP and 8305C cells treated with or without 2 mmol/L KIO3 for 72 h. (F) RT-qPCR was used to detect the expression of AKT1 in BCPAP and
8305C cells treated with or without 2 mmol/L KIO3 for 72 h. *P < 0.05, **P < 0.01.
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high iodine compared with the control group (P <0.01,
Figure S4).

High Iodine Promotes the Cell Proliferation
via AKT/Wee1/CDK1 Axis
To explore whether AKT-mediated Wee1/CDK1 is involved in
the proliferation of BCPAP and 8305C cells induced by high
iodine, we abrogated the induction of AKT activation induced by
Frontiers in Oncology | www.frontiersin.org 7
iodine in these cell lines via treatment with Ly294002, an
inhibitor of AKT. As a result, treatment with Ly294002 alone
decreased the ratio of p-Wee1/Wee1, but increased the ratio of
p-CDK1/CDK1, compared with control groups. Besides,
pretreatment with Ly294002 in iodine-treated cells decreased
the ratio of p-Wee1/Wee1, but increased the ratio of p-CDK1/
CDK1, compared with high iodine-treated groups (Figure 4A).
However, the expression of Cyclin A and Cyclin B in iodine
A

B

C

FIGURE 4 | High iodine induced the proliferation of BCPAP and 8305C cells via activating AKT-mediated Wee1/CDK1 axis. Data were presented as means ± SD.
(A) Ly294002 inhibited the expression levels of p-CDK1/CDK1, p-Wee1/Wee1 and p-AKT/AKT in BCPAP and 8305C cells induced by high iodine. b-actin was used
as a loading control. (B) Ly294002 inhibited the proliferation of BCPAP and 8305C cells induced by high iodine. Cell viability was measured by the EdU assay, and
DMSO was used as a control. (C) The proportion of cells in each phase of the cell cycle was evaluated by flow cytometry after 48 h of treatment with Ly294002.
*P < 0.05, **P < 0.01, ***P < 0.001.
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combined with inhibitor-treated group was not statistically
significant, compared with high iodine-treated group (Figure
S5). Furthermore, pretreatment with Ly294002 reduced the
EdU-positive cells induced by high iodine in these cell lines
(Figure 4B), and arrested the cell cycle in the G1 phase, which
reduced the proportion of cells in the S/G2 phase (Figure 4C).
These results indicated that high iodine can accelerate the cell
cycle progression and induce the proliferation of BCPAP and
8305C cells by activating AKT/Wee1/CDK1 axis.

In addition, compared with control groups, treatment with
Ly294002 alone increased the ratio of cleaved caspase 3/caspase
3. And, compared with high iodine groups, there was a similar
increase in the iodine combined with inhibitor group (P < 0.001,
Figure S5). Flow cytometry results showed that the apoptotic
rate of BCPAP and 8305C cells in iodine combined with
inhibitor-treated group was significantly higher than that in
the high iodine group (P < 0.05, Figure S6). These results
confirmed that high iodine can inhibit the apoptosis of BCPAP
and 8305C cells through activating AKT.

Effects of High Iodine on Tumor Growth
in Xenograft Tumor Models of PTC and
ATC Cells
To study the effect of high iodine on the proliferation of thyroid
cancer cells, we constructed xenograft models of PTC and ATC cells.
As shown in Figures 5A–C, the tumor volume and weight in PTC
cells differed significantly across excessive iodine groups compared to
Frontiers in Oncology | www.frontiersin.org 8
control group (P < 0.05), with no significant difference in ATC cells.
However, serum iodine was increased in mice wearing both cells of
I6000 mg/L groups compared to control group (P < 0.05, Figure 5D).
Also, PCNA expression significantly increased in I6000 mg/L groups
compared to control groups (P < 0.05, Figure 5E). These indicated
that high iodine promoted tumor growth in xenograft tumor models
of PTC and ATC cells. In addition, IHC analysis showed that
compared to control groups, the ratio of cleaved caspase 3/caspase
3 (P < 0.05, Figure S7) in xenograft tumor models were significantly
decreased in I6000 mg/L groups.

Effects of High Water Iodine on Expression
of AKT/Wee1/CDK1 in Xenograft Tumor
Models of PTC and ATC Cells
Since previous experiments found that high iodine can induce
the proliferation of BCPAP and 8305C cells by activating AKT/
Wee1/CDK1 axis, we discussed whether AKT/Wee1/CDK1 was
involved in the tumor growth of xenograft tumor models of PTC
and ATC cells induced by high iodine. IHC analysis showed the
ratio of p-AKT/AKT (P < 0.01, Figure 6A) and p-Wee1/Wee1
(P < 0.05, Figure 6B) in xenograft tumor models were
significantly increased in I6000 mg/L groups compared to
control groups, whereas the ratio of p-CDK1/CDK1 was
significantly decreased in the I6000 mg/L group compared to
control groups (P < 0.05, Figure 6C). These results suggested
that high iodine significantly increased AKT/Wee1/CDK1
expression in xenograft tumor models of PTC and ATC cells.
A

B

D

E

C

FIGURE 5 | High iodine promoted tumor growth in xenograft tumor models of PTC and ATC cells. All data were presented as means ± SD. (A, B) BCPAP and
8305C cells were subcutaneous injected into nude mice under exposure to high iodine. Relative tumor volumes of different groups, monitored every 3 days during
treated with or without high iodine. (C) Tumor weights were measured at the end of the day 21. (D) Iodine concentration in serum of nude mice among control and
iodine treatment groups. (E) Representative IHC staining images showed staining score of PCNA protein in xenograft tumor tissues. *P < 0.05, **P < 0.01.
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DISCUSSION

Thyroid cancer occurrence is a process involving multi-step,
multi-factor and multi-gene alterations, in which out-of-control
cell proliferation are considered important mechanisms associated
with abnormal cell cycle regulation (36). In the current study, we
highlighted that exposure to high iodine could promote the
proliferation of thyroid cancer cells. Further studies uncovered
that high iodine exerted its roles by activating AKT/Wee1/CDK1
axis and accelerating cell cycle progression in thyroid cancer. The
above findings provide strong evidences to support the fact that
high iodine plays vital roles in the development of thyroid cancer.

Iodine is crucial to thyroid health since this trace element is
essential for thyroid hormone synthesis. Both deficient and
excessive iodine intakes can cause thyroid disease, so iodine
intake-associated health disorders has became the major public
health issues (2, 37). Among them, the association between
iodine intake and thyroid cancer, especially the effect of high
iodine on thyroid cancer incidence, has aroused extensive
attention. Several studies reported an increased risk of thyroid
cancer in populations living in iodine excessive areas, such as
Iceland and Hawaii, but volcanic activity are likely to be
responsible for the high incidence of thyroid cancer in these
Frontiers in Oncology | www.frontiersin.org 9
areas rather than iodine excess (20, 38). Another study by
Truong et al., performed among native and European residents
in New Caledonia, failed to find the relationship between high
dietary iodine intake and risk of thyroid cancer (39). Therefore,
the association between excess iodine intake and thyroid cancer
incidence remain controversy. Previous experiments in vitro
have demonstrated iodine at a certain concentration range
promoted the proliferation of thyroid cancer cells (22, 23).
However, the underlying mechanism by which iodine affects
thyroid cancer cells is not fully elucidated.

A previous study showed that the normal physiological
concentration of iodine in human thyroid is 10-6 to 10-5 mM,
and incubation with iodine at concentration of 10-3 mM for 72 h
could promote the proliferation of thyroid cancer cells (W3
and FTC-133) (22). Also, we demonstrated that treatment with
2 mmol/L KIO3 for 72 h increased the proliferation of thyroid
cancer cells (BCPAP and 8305C). Thus, at the cellular level,
treatment with 2 mmol/L KIO3 for 72 h was used as the test dose
and time in the following experiments. In addition, previous studies
have shown that 6000 mg/L I- is a reasonable and representative
dose for human exposure (40). Hence, in xenograft tumor models,
an iodine dosage of 6000 mg/L I- was selected to explore the effects
of iodine intake on tumor growth.
A

B

C

FIGURE 6 | Effects of high water iodine on expression of AKT/Wee1/CDK1 in xenograft tumor models of PTC and ATC cells. Data were presented as means ± SD.
Representative photomicrographs of IHC in the xenograft tumors (400 ×). (A) Staining score of p-AKT and AKT protein in xenograft tumor tissues among control and
iodine treatment groups. (B) Staining score of p-Wee1 and Wee1 protein in xenograft tumor tissues among control and iodine treatment groups. (C) Staining score
of p-CDK1 and CDK1 protein in xenograft tumor tissues among control and iodine treatment groups. *P < 0.05, **P < 0.01.
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In this study, results showed that treatment with 2 mmol/L
KIO3 for 72 h promoted the proliferation of thyroid cancer cells
and the proportion of S phase cells, but significantly decreased the
proportion of G1 and G2 phase cells, suggesting that high iodine
might promote the proliferation of thyroid cancer cells via
regulating cell cycle progression. In addition, high iodine had a
weak inhibitory effect on apoptosis of thyroid cancer cells. To
explore the underlying mechanism, the transcriptional profile was
analyzed in BCPAP and 8305C cell exposed to high iodine. The
results showed there were 153 and 149 genes in the PTC and ATC
cells regulated by high iodine, separately, and the seven genes were
identified by overlapping these genes, namely DIAPH3, KIF20B,
LINC00472, LOC105374715, PHIP, SGOL1, and ZNF581. But the
biological function of seven genes was not reported to be related
with the cell cycle regulation and cell apoptosis. Given that, we
analyzed the 295 DEGs in the union of BCPAP and
8305C regulated by high iodine. KEGG enrichment analysis of
iodine-related genes showed that these genes are mainly correlated
with various signaling pathways, including cell cycle, PI3K/AKT
signaling, among which apoptosis pathway was not found. As a
result, this study mainly focused on the effect of high iodine on the
proliferation of thyroid cancer cells via regulating cell cycle
progression. Importantly, the interaction between genes and
pathway showed DEGs were differentially regulated and affected
the pathways of the cell cycle, proteoglycans in cancer and
progesterone-mediated oocyte maturation. Among them, CDK1
was associated with cell cycle pathways and was involved in
proliferation of thyroid cancer cells induced by high iodine.

CDK1, a cylcin-dependent kinase1, is one of the most
pleiotropic cell cycle regulators, which plays a vital role in the
physiological processes, including cell proliferation, chromosome
condensation and chromosome segregation in mitosis (27). It can
regulate cell cycle progression via interacting with interphase
cyclins, such as cyclin A, B, D1, and E (41). In this study, the
expression of Cyclin A and Cyclin B had no change in BCPAP and
8305C cells under high iodine treatment, but the phosphorylation
of CDK1 kinase at Tyr15 was inhibited by high iodine, thereby
increasing CDK1 activity. These results suggested that increased
CDK1 activity plays an important role in the proliferation of
thyroid cancer cells induced by high iodine. Furthermore, research
described that CDK1 was inactivated by Wee1 kinases through
catalyzing the inhibitory phosphorylation of CDK1 kinase at
Tyr15, whereas Wee1 can be negatively regulated by AKT in a
phosphorylation dependent manner (42). Also, in this study, the
expression of p-Wee1 (Ser642) and p-AKT (Ser473) were
significantly increased in BCPAP and 8305C cells under
exposure to high iodine. Therefore, we inferred that AKT/Wee1/
CDK1 axis might be activated under exposure to high iodine,
thereby promoting the proliferation of developed thyroid
cancer cells.

AKT, also known as protein kinase B, is an important
intermediate in the process of cell signaling, and can promote
the occurrence and development of tumors by regulating
biological processes, such as cell proliferation, migration and
differentiation (43, 44). In this study, we found that AKT
activation might be involved in the proliferation of BCPAP
Frontiers in Oncology | www.frontiersin.org 10
and 8305C cells induced by high iodine, which was similar
with previous studies (22, 34). More importantly, the
inhibition of AKT activation by Ly294002 not only reduced
the induction of high iodine on the expression of CDK1 but
reversed the proliferation activity of BCPAP and 8305C cells via
arresting the cell cycle in the G1 phase. These results suggested
high iodine induced the proliferation of BCPAP and 8305C cells
through activating AKT-mediated Wee1/CDK1 axis. Similarly,
in nude mice, we confirmed that AKT/Wee1/CDK1 axis was also
involved in tumor growth during exposure to high iodine.

This study shows that high iodine has a proliferative effect on
papillary and anaplastic thyroid cancer cells via accelerating cell
cycle progression. Furthermore, activating AKT/Wee1/CDK1 axis
was involved in the proliferation of papillary and anaplastic
thyroid cancer cells induced by high iodine. In summary, this
study might be helpful for understanding of the complex
mechanism underlying high iodine-induced proliferation of
thyroid cancer cells, and provide new insight into the
relationship between high iodine and thyroid cancer. In
addition, this study also had limitations about the classification
of tumors to different subtypes as with all research. Although we
provided papillary and anaplastic thyroid cancer to explore the
underlyingmechanism that high iodine promoted the proliferative
activity of thyroid cancer cells, it may not be very comprehensive
understanding for follicular thyroid cancer subtype. This should
be further validated through a series of experiments.
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Supplementary Figure 1 | The Venn calculation result obtained genes that
involved in the proliferation of BCPAP and 8305C cells induced by high iodine. The 2
datasets showed an overlap of 295 genes.

Supplementary Figure 2 | Enrichment analysis for 295 DEGs related to iodine.
Terms with p and q < 0.05 were believed to be enriched significantly. The top ten
pathways were displayed. (A) GO analysis for 295 DEGs related to iodine.
(B) KEGG enrichment analysis for 295 DEGs related to iodine
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Supplementary Figure 3 | Protein–protein interaction network based on DEGs
related to iodine. (A) Interaction network constructed with the nodes with interaction
confidence value > 0.40. (B) The top 10 genes ordered by degree method. (C) The
top 10 genes ordered by the number of nodes

Supplementary Figure 4 | Effect of high iodine on the expression of Cyclin A,
Cyclin B, caspase 3 and cleaved caspase 3 in BCPAP and 8305C cells. Data were
presented as means ± SD. b-actin was used as a loading control. *P < 0.05, **P <
0.01, ***P < 0.001.

Supplementary Figure 5 | Effects of high iodine on expression of Cyclin A, Cyclin
B, caspase 3 and cleaved caspase 3 in BCPAP and 8305C cells under treatment
with Ly294002. Data were presented as means ± SD. ’-actin was used as a loading
control. *P < 0.05, **P < 0.01, ***P < 0.001.

Supplementary Figure 6 | Apoptosis rate of BCPAP and 8305C cells under
treatment with Ly294002 were detected by flow cytometry. *P < 0.05, **P < 0.01,
***P < 0.001.

Supplementary Figure 7 | Effects of high water iodine on the expression of
caspase 3 and cleaved caspase 3 in xenograft tumor models of PTC and ATC cells.
Data were presented as means ± SD. Representative photomicrographs of IHC in
the xenograft tumors (400 ×). *P < 0.05, **P < 0.01.
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