
Journal of Cancer 2022, Vol. 13 
 

 
https://www.jcancer.org 

858 

Journal of Cancer 
2022; 13(3): 858-868. doi: 10.7150/jca.60730 

Research Paper 

FOXK2 promotes the proliferation of papillary thyroid 
cancer cell by down-regulating autophagy 
Songze Li1,2, Pengliang Wang3, Hao Ju1, Tiantong Zhu1, Jingwen Shi1, Ying Huang1 

1. Department of Ultrasound, Shengjing Hospital of China Medical University, Shenyang, Liaoning 110004, China. 
2. Department of Anesthesiology, Cancer Hospital of China Medical University, Liaoning Cancer Hospital &Institute, Shenyang, Liaoning 110122, China. 
3. Department of Gastroenterology, Tianjin Medical University Cancer Hospital, City Key Laboratory of Tianjin Cancer Center and National Clinical Research 

Center for Cancer, Tianjin, China.  

 Corresponding author: E-mail: huangy1@sj-hospital.org. 

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/). 
See http://ivyspring.com/terms for full terms and conditions. 

Received: 2021.03.22; Accepted: 2021.12.04; Published: 2022.01.01 

Abstract 

Papillary thyroid cancer (PTC) is the most common endocrine system tumor. FOXK2 is involved in the 
development of different types of cancers, however, its function has not been investigated in papillary 
thyroid cancer. In the present study, we demonstrated that FOXK2 expression was up-regulated in 
papillary thyroid carcinoma tissues compared with matched normal tissues. Importantly, we found that 
FOXK2 expression was significantly associated with the tumor size, T stage, and TNM stage. 
Furthermore, stable knockdown of FOXK2 markedly inhibited PTC cell proliferation, significantly 
increased the ratio of LC3-II/LC3-I, and reduced p62 expression, whereas overexpression of FOXK2 
showed opposite effects. In FOXK2 knockdown cell lines, mCherry-GFP-LC3 immunofluorescence 
demonstrated increased punctate aggregates of mCherry-GFP-LC3, and transmission electron 
microscopy revealed increased numbers of autophagosomes. Autophagy-related protein ULK1, VPS34, 
and FOXO3 were markedly up-regulated by FOXK2 knockdown and down-regulated by FOXK2 
overexpression. Finally, autophagy inhibitor 3-MA attenuated autophagy activation and rescued the 
inhibition of cell proliferation caused by FOXK2 knockdown, suggesting that FOXK2 silencing inhibits cell 
proliferation through up-regulating autophagy. These findings revealed an important role of FOXK2 in 
PTC progression and suggested that FOXK2 might be a potential new target for the diagnosis and 
treatment of PTC. 
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Introduction 
Thyroid cancer is one of the most common 

endocrine system tumors [1]. From 1975 through 2016, 
the incidence of thyroid cancer showed a rising trend 
year after year [2, 3]. About 90% of thyroid cancer is 
well-differentiated papillary thyroid cancer (PTC) [4]. 
Although papillary thyroid carcinoma is usually 
indolent and has a good prognosis, the disease 
persistence and local recurrence are still the reasons 
for its increased mortality [5]. Therefore, it is quite 
necessary to explore the molecular mechanism that 
promotes the progression of papillary thyroid 
carcinoma and to provide new treatment strategies. 

FOXK2, as one of the important transcription 
factors of the Forkhead Box (FOX) family [6], has been 

shown to control a grouping number of biological 
functions, such as cell proliferation [7-9], apoptosis 
[10], DNA repair [11], as well as regulating 
metabolism [12, 13]. More and more evidence show 
that FOXK2 is tightly related to the malignant process 
of tumors. For example, FOXK2 was up-regulated in 
colorectal cancer and promoted the malignant 
phenotype of colorectal cancer through regulating 
Wnt/beta-catenin signaling [14] or up-regulating the 
expression of ZEB1 and EGFR [15]. In addition, 
FOXK2 regulated by miR-1271-5p increased cell 
proliferation and suggested a poor prognosis of liver 
cancer [16]. However, the expression and biological 
function of FOXK2 have not been investigated in 
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papillary thyroid carcinoma. 
Autophagy is an evolutionarily conserved 

catabolic process that functions in nutrient recycling, 
energy generation, as well as the clearance of 
damaged proteins and organelles in a 
lysosome-dependent manner [17, 18]. The "cargo" was 
firstly wrapped by a double-layer membrane 
structure to form autophagosomes, and then 
autophagosomes and lysosomes are fused to form 
autophagolysosomes, and the contents are degraded 
and recycled. Dysfunction of autophagy plays an 
important role in diseases development, especially in 
tumor formation [19-21]. In the process of 
tumorigenesis, autophagy can inhibit the occurrence 
of tumors and inhibit the proliferation of tumor cells 
[22-26]. However, autophagy can help tumor cells 
resist apoptosis when cells are faced with stress such 
as nutritional deficiency or chemotherapy [27-31]. The 
regulation process of autophagy is coordinated by 
ATG protein [32, 33]. Among them, it is well known 
that the ULK1 and Vps34 complexes play important 
regulatory roles in the initiation and development of 
autophagy [34].  

In this study, we clarified the expression and 
clinical significance of FOXK2 in papillary thyroid 
carcinoma. In addition, we described the effects and 
underlying mechanisms of FOXK2 on autophagy in 
PTC cell lines and suggested that FOXK2 might be a 
potential therapeutic target for the treatment of PTC. 

Materials and Methods  
Patients and tissue specimens 

The human papillary thyroid cancer specimens 
used in this study were collected from patients who 
were treated with surgery and pathologically 
diagnosed with papillary thyroid cancer in the 
Shengjing Hospital of China Medical University from 
2011 to 2016. After the operation, we store the 
removed thyroid tissue in liquid nitrogen. This study 
was conducted with the approval of the Ethics 
Committee at the Institutional Review Board of 
Shengjing Hospital of China Medical University. 
Informed consent was obtained from all patients.  

For Immunohistochemistry, five-micrometer- 
thick consecutive sections were exposed to 
anti-FOXK2 (1:100) antibody overnight at 4°C. After 
washes with PBS, sections were incubated in 
horseradish peroxidase-conjugated goat anti-rabbit 
immunoglobulin G (1:200) for 2 h, followed by 
development with 0.003% H2O2 and 0.03% 3, 
3’-diaminobenzidine in 0.05 mol/L Tris-HCl. Five 
areas selected at random were scored. All sections 
were scored in a semiquantitative manner, which 
reflects both the intensity and percentage of cells 

staining at each intensity. Intensity was classified as 0 
(no staining), +1 (weak staining), +2 (distinct staining) 
or +3 (very strong staining). A value designated as the 
‘HSCORE’ was obtained for each slide by using 
the following algorithm: HSCORE=∑(I×PC), where I 
and PC represent the staining intensity and the 
percentage of cells that stain at each intensity, 
respectively. And the corresponding HSCOREs were 
calculated separately. 

Cell culture and viral infection 
Nthy-ori 3-1 (a generous gift of Hao Zhang), 

TPC-1 (a generous gift of Bryan R. Haugen), K1 (The 
Health Protection Agency Culture Collections, UK), 
BCPAP (DSMZ, Braunschweig, Germany) and 
BHT101 (Procell, Wuhan, China) were cultured in 
RPMI 1640 medium supplemented with 10% fetal 
bovine serum (FBS) in the 37 °C incubator (5% CO2 
atmosphere).  

Cells were infected with commercialized 
FOXK2-silencing lentivirus (Shanghai GeneChem 
Company) and screened with puromycin for 
constructing a stable FOXK2-silencing cell line. The 
knockdown was performed with shFOXK2. The 
shRNA control sequence was 5’-TTCTCCGAACGT 
GTCACGTtt-3’; the FOXK2 sequence #1 was 5’- 
CCTCAATTTAATGGCTGACAA-3’; the FOXK2 
sequence #2 was 5’-CGAGTTCGAGTATCTGATGAA 
-3’. siRNA specific for human ULK1, VPS34 and 
FOXO3 were purchased from RIBOBIO Co. 
(Guangzhou, China). 

Western blot  
Protein was extracted from cells and tissues with 

RIPA lysis buffer (50 mM Tris-HCl(pH 7.4), 150 mM 
NaCl, 1% NP-40, 0.1% SDS). Protein concentrations 
were measured by BCA method (Beyotime, China). 
Antibodies against FOXK2 (#12008, 1:1,000 dilution), 
LC3A/B (#4108, 1:1,000 dilution), ULK1 (#8054, 
1:1,000 dilution), FOXO3a (#2497, 1:1,000 dilution) 
were from Cell Signaling Technology. Antibodies 
against p62/SQSTM1 (P0067, 1:2,000 dilution) and 
VPS34 (V9764, 1:1,000 dilution) were from Sigma. 
Tubulin antibody (SG4110-16, 1:1000 dilution) was 
from Shanghai Genomics Technology.  

Cell proliferation assay and Colony formation 
assay  

The proliferation rate of BHT101 (shRNA-NC, 
shRNA-FOXK2) and BCPAP (Lv-vector, Lv-FOXK2) 
cells were assessed using the Cell Counting Kit-8 
(CCK-8) assay (Beyotime Biotechnology, China). Cells 
(2 × 103 cells per well) were seeded into 96-well 
culture plates and cultured for 24, 48, 72 and 96 h. 
Then cells were incubated with 10 μl of CCK-8 
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solution for 3 h at 37 °C. The number of viable cells 
was calculated based on absorbance at 450 nm. 

For colony formation assays, 7×102 cells were 
plated in 6-well plates. The plates were incubated at 
37°C in a 5% CO2 incubator. After two weeks, the 
plates were then stained using Giemsa.  

Fluorescence microscopy and electron 
Microscopy 

For immunofluorescence analysis, after the 
knockdown FOXK2 cells infected with mCherry- 
GFP-LC3 lentivirus were grown on coverslips, cells 
were fixed in 4% paraformaldehyde for 10 mins and 
then permeabilized with 0.15% Triton X-100 for 
10mins. Fixed cells were incubated with DAPI for 5 
mins, and then coverslips were washed with 
phosphate-buffered saline (PBS) for three times. Cells 
were visualized under a microscope (Nikon, Ti-E, 
DS-Ri2). 

For electron microscopy (EM) analyses, after the 
cells were trypsinized, washed once with PBS, and 
then fixed with 2.5% glutaraldehyde overnight. After 
fixation, cells were washed three times in PBS and 
then postfixed in aqueous 1% OsO4 and 1% K3Fe(CN)6 
for 1 h. After three times PBS washes, the cell block 
was dehydrated and infiltrated with a gradient of 
30%-100% ethanol, and then embedded in Polybed 
812 epoxy resin. Ultrathin sections were collected on 
copper grids and stained with 2% uranyl acetate in 
50% methanol for 10 min, followed by 1% lead citrate 
for 10 min. EM is executed by the Research 
Department of the Electron Microscope Center of 
China Medical University. 

Statistical analysis 
We carried out statistical comparisons by using 

unpaired Student’s t test, Pearson χ2 or the Mann–
Whitney U test when a normal distribution could not 
be assumed. Three and more groups were compared 
by one-way ANOVA. Data are presented as mean ± 
s.e.m. We tested data for normality and variance, and 
considered a P value of less than 0.05 as significant. 
Statistical analyses were performed using SPSS 
software. 

Results 
FOXK2 was up-regulated in papillary thyroid 
cancer  

To explore whether FOXK2 is involved in the 
malignant process of thyroid cancer, we first analyzed 
the expression of FOXK2 in thyroid cancer through 
the TCGA database. FOXK2 was significantly 

up-regulated in thyroid cancer tissues compared to 
normal tissues (Fig. 1A). Furthermore, We found that 
compared with the T1 stage group, the expression of 
FOXK2 in the T2-4 stage groups increased (P=0.001, 
unpaired Student’s t test) (Fig. 1B), and compared 
with the T1-3 TNM stage groups, the expression of 
FOXK2 in the T4 TNM stage group increased 
(P=0.015, unpaired Student’s t test) (Fig. 1C). Then 
Western blot analysis validated that FOXK2 
expression was up-regulated in PTC tissues (n=14) 
compared to matched normal tissues (Fig. 1D and E). 
We also performed immunohistochemical staining of 
98 pairs of PTC tissues and matched adjacent normal 
tissues to detect FOXK2 expression in PTC tissues. 
Among the 98 adjacent normal tissue samples, 89 
(90.8%) were negative for FOXK2 expression. In 
contrast, FOXK2 expression was significantly higher 
in PTC tissues, and 69 of the 98 tumor samples (70.4%) 
were positive for FOXK2 staining (Fig. 1F). More 
importantly, through TCGA database analysis, we 
found that the expression of FOXK2 is closely related 
to the clinicopathological characteristics of thyroid 
cancer. The high expression of FOXK2 is associated 
with Tumor size (P=0.002), T stage (P=0.001), and 
TNM stage (P=0.016) (Table 1). Similarly, in our 
validated cohort, high FOXK2 expression was 
correlated with the tumor size (P=0.001) and tumor 
TNM stage (P= 0.013), as shown in Table 2. In 
summary, FOXK2 is highly expressed in papillary 
thyroid cancer and is closely related to its malignant 
progression.  

Knockdown of FOXK2 suppressed the 
proliferation of PTC cells  

To characterize the biological functions of 
FOXK2 in PTC, we first detected the expression of 
FOXK2 in PTC cell lines. We found that the expression 
of FOXK2 was higher in most the PTC cell lines than 
that in human thyroid follicular epithelial cells 
Nthy-ori-3-1 (Fig. 2A and B). Based on the relative 
high and low expression of FOXK2 in papillary 
thyroid cancer cell lines, we constructed 
RNAi-mediated knockdown PTC cells in BHT-101 and 
FOXK2-overexpressed cell lines in BCPAP. 
Transfection efficiency was examined by Western blot 
(Fig. 2C-F). Using CCK8 and colony formation 
experiments, we found that knockdown of FOXK2 can 
inhibit the proliferation and colony formation in 
BHT-101 cells (Fig. 2G and I). On the contrary, 
overexpression of FOXK2 can promote the 
proliferation and colony formation in BCPAP cells 
(Fig. 2H and J).  
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Figure 1. FOXK2 was up-regulated in papillary thyroid cancer. (A) The mRNA expression of FOXK2 in human papillary thyroid cancer tissues and normal thyroid 
tissues was analyzed by the TCGA cohort. (B) The mRNA expression of FOXK2 in human papillary thyroid cancer tissues according to the T stage was analyzed by the TCGA 
cohort. (C) The mRNA expression of FOXK2 in human papillary thyroid cancer tissues according to the TNM stage was analyzed by the TCGA cohort. (D) The protein 
expression of FOXK2 was analyzed by western blot analysis from four randomly selected PTC patients. Tubulin was used as a loading control. (E) The protein expression of 
FOXK2 was visualized via scatter diagram. * P < 0.05. (F) Representative immunohistochemical staining images of FOXK2 in the PTC and Adjacent noncancerous tissue. The 
image of the box area was magnified and displayed by the adjacent non-cancerous tissue (N) and tumor tissue (T). 

 

Knockdown of FOXK2 promoted autophagy of 
PTC cells  

Next, we want to explore the possible molecular 
mechanism of FOXK2 affecting cell proliferation. 
Given that autophagy is an important cell biological 
behavior affecting tumorigenesis and tumor 
proliferation, we tested whether FOXK2 is involved in 
the regulation of autophagy levels in PTC cells. Using 
Western blotting, we found that silencing of FOXK2 
promoted autophagy in BHT-101 cells (Fig. 3A-C), as 
demonstrated by the decrease of autophagy substrate 
p62 and increase of the conversion of the nonlipidated 
form (LC3-I) to the phosphatidyl ethanolamine- 
conjugated form (LC3-II) of LC3. Conversely, 
overexpression of FOXK2 suppressed autophagy 

levels in BCPAP cells (Fig. 3D-F). CQ, an inhibitor of 
autophagy, markedly blocked FOXK2 knockdown- 
induced autophagy flux and increased the 
accumulation of LC3-II, indicating an accelerated 
conversion of LC3-I to LC3-II (Fig. 3G and H). Next, 
we examined mCherry-GFP-LC3 puncta to assess 
autophagosome formation in the nonspecific 
RNAi-treated or FOXK2 knockdown BHT-101 cells. 
We found that knockdown of FOXK2 promoted the 
number of autophagosomes (Fig. 3I and J). In 
addition, quantitative electron microscopic analysis 
showed that knockdown of FOXK2 increased 
autophagic structures compared with the shRNA 
negative control cells (Fig 3K and L). Furthermore, we 
found that silencing of FOXK2 can promote the 
expression of critical autophagy proteins ULK1, 
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VPS34, and FOXO3 (Fig 4A-D). Conversely, 
overexpression of FOXK2 suppressed protein levels of 
ULK1, VPS34, and FOXO3 in BCPAP cells (Fig 4E-H). 
Furthermore, silencing of ULK1, VPS34 and FOXO3 
attenuated autophagy activation caused by FOXK2 
knockdown at the protein level (Fig. 4I). Taken 
together, the silencing of FOXK2 might promote 
autophagy by up-regulating the expression of ULK1, 
VPS34, and FOXO3 in PTC cells. 

 

Table 1. The relationship between FOXK2 and clinicopathologic 
characteristics in the TCGA cohort. 

Clinicopathologic 
characteristics 

Low expression 
(%) 

High expression 
(%) 

χ2 P 

Age (N=505)   1.149 0.284 
<55 175(69.2%) 163(64.7%)   
≥55 78 (30.8%) 89(35.3%)   
Gender (N=505)   0.140 0.708 
Female 183(72.3%) 186(73.8%)   
Male 70(27.7%) 66(26.2%)   
Histological type 
(N=505) 

  6.455 0.091 

Classical 181(71.5%) 177(70.2%)   
Follicular 57(22.5%) 45(17.9%)   
Tall Cell 12(4.7%) 24(9.5%)   
other 3(1.2%) 6(2.4%)   
Tumor size (N=405)   10.000 0.002 
<2cm 95(38.6%) 62(25.3%)   
≥2cm 151(61.4%) 183(74.7%)   
T stage (N=503)   10.458 0.001 
T1 88(34.9%) 55(21.9%)   
>T1 164(65.1%) 196(78.1%)   
Extrathyroidal 
invasion (N=487) 

  2.493 0.114 

NO 172(72.0%) 162(65.3%)   
YES 67(28.0%) 86(34.7%)   
Lymph node 
metastasis (N=455) 

  3.689 0.055 

NO 126 (55.0%) 104 (46.0%)   
YES 103 (45.0%) 122 (54.0%)   
TNM (N=503)   5.824 0.016 
I-III 232(92.4%) 216(85.7%)   
IV 19(7.6%) 36(14.3%)   

 

FOXK2 knockdown inhibited the proliferation 
of PTC cells through its regulating autophagy 

To further study the relationship between 
FOXK2 knockdown-induced autophagy activation 
and cell proliferation associated with autophagy in 
PTC cell lines, we treated PTC cell lines silencing 
FOXK2 with autophagy inhibitor 3-MA. We found 
that 3-MA attenuated autophagy activation as 
demonstrated by the increase of autophagy substrate 
p62 and decrease of the conversion of LC3-I to LC3-II 
in BHT-101 PTC cells (Fig. 5A-C) and reversed the 
inhibition of cell proliferation and colony formation 
caused by silencing FOXK2 (Fig. 5D-F). In summary, 
these findings suggested that the silencing of FOXK2 
inhibited cell proliferation and colony formation 
through up-regulating autophagy.  

Table 2. The relationship between FOXK2 and clinicopathologic 
characteristics in the validated cohort. 

 Case(n) FOXK2 folda P-value 
Gender    
Male 27 6.0(3.0-8.5) 0.153 
Female 71 4.0(2.0-7.0)  
Age    
<55 75 5.5(2.0-8.5) 0.401 
≥55 23 5.0(2.5-8.0)  
Tumor Size    
< 2 cm 50 3.5(2.0-5.0)  0.001* 
≥2 cm 48 6.8(2.5-10.0)  
LNM    
Yes 62 5.0(2.0-7.5) 0.504 
No 36 5.0(2.5-8.0)  
TNM Stage    
I+II 62 4.0(2.0-6.0)  0.013* 
 III+IV 36 7.0(3.0-9.5)  
*Indicated statistical significance (P＜0.05). 
aMedian of relative expression according to HSCORE system, with 25th-75th 
percentile in parenthesis.  
LNM, lymph node metastasis. 

 

Discussion 
In recent years, there has been more and more 

evidence about the role of FOXK2 in tumors, but 
FOXK2 may play the opposite role in different 
tumors. Many studies have reported that FOXK2 can 
act as a tumor suppressor gene to inhibit the 
progression of breast cancer [35, 36], non-small cell 
lung cancer [7], and glioma [37]. On the contrary, the 
expression of FOXK2 is closely related to the 
occurrence and development of tumors. For example, 
researchers have found that FOXK2 can promote the 
malignant phenotype of colorectal cancer through 
regulating Wnt/beta-catenin signaling [14] or 
up-regulating the expression of ZEB1 and EGFR [15]. 
In addition, FOXK2 regulated by miR-1271-5p 
increased cell proliferation and suggested a poor 
prognosis of liver cancer [16]. These contradictory 
findings indicate that whether FOXK2 plays an 
oncogene or a tumor suppressor in tumor progression 
is tumor-specific. However, the expression and 
biological function of FOXK2 have not been 
investigated in papillary thyroid carcinoma.  

Thyroid cancer is one of the most common 
endocrine system malignancies. It is estimated that by 
2030, its incidence will rise to become the fourth most 
common cancer [38]. Therefore, exploring the 
biomarkers of thyroid cancer and the molecular 
mechanism and action rules of its occurrence and 
development will become an important scientific 
issue in the field of thyroid cancer research. In this 
study, we for the first time reported that FOXK2 plays 
an important role in papillary thyroid cancer as an 
oncogene and promotes the malignant progression of 
tumors. We showed that FOXK2 was up-regulated in 
PTC samples and cell lines. We found that the 
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expression of FOXK2 was significantly up-regulated 
in the PTC tissues compared with the expression in 
the adjacent normal thyroid tissues in both the 
validation and TCGA cohorts. More importantly, 

increased levels of FOXK2 were found to significantly 
correlate with tumor size and tumor TNM stage. 
These findings suggested that FOXK2 is closely 
related to the malignant process of clinical PTC.  

 

 
Figure 2. Knockdown of FOXK2 suppressed the proliferation of PTC cells. (A) Western blot detection of FOXK2 expression in human normal thyroid follicular 
epithelial cells and papillary thyroid cancer cell lines. Tubulin was used as a loading control. (B) The protein expression of FOXK2 in human normal thyroid follicular epithelial 
cells and papillary thyroid cancer cell lines was visualized via quantitative analysis. ** P < 0.01; ***P < 0.001. (C) Western blot detection of FOXK2 in BHT-101 cells transfected 
with indicated plasmids. (D) The protein expression of FOXK2 in BHT-101 cells was visualized via quantitative analysis. ***P < 0.001. (E) Western blot detection of FOXK2 in 
BCPAP cells transfected with indicated plasmids. (F) The protein expression of FOXK2 in BCPAP cells was visualized via quantitative analysis. ** P < 0.01. (G, H) The ability of 
cell proliferation was monitored by daily quantification in BHT-101 and BCPAP cell lines transfected with indicated plasmids for up to 4 days. ** P < 0.01; ***P < 0.001. (I, J) The 
ability of cell colony formation was detected in BHT-101 and BCPAP cell lines transfected with indicated plasmids. ***P < 0.001. 
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Figure 3. Knockdown of FOXK2 promoted autophagy of PTC cells. (A) Western blot detection of p62 and LC3 in BHT-101 cells transfected with indicated plasmids. 
(B, C) The protein expression of p62 (B) and LC3II/I (C) in BHT-101 cells was visualized via quantitative analysis. * P < 0.05; **P < 0.01. (D) Western blot detection of p62 and 
LC3 in BCPAP cells transfected with indicated plasmids. (E, F) The protein expression of p62 (E) and LC3II/I (F) in BCPAP cells was visualized via quantitative analysis. * P < 0.05. 
(G) Western blot detection of LC3 in BHT-101 cells transfected with the indicated shRNA, pre-treated with 60nM CQ or vehicle (DMSO). (H) The protein expression of 
LC3II/I in BHT-101 cells was visualized via quantitative analysis. *P < 0.05. (I) Autophagic flux is shown by representative confocal microscopic images of BHT-101 cells 
stably-expressing GFP-mCherry-LC3 transfected with the indicated shRNA. Scale bar, 10 μm. (J) Quantitation of autophagosomal (yellow) and autolysosomal (red) LC3 puncta. 
Results are presented as mean ± s.e.m. from three independent experiments, ***P < 0.001. (K) Representative electron microscopic image of autophagic vesicles in BHT-101 
cells transfected with the indicated shRNA. Scale bars, 500 nm. (L) Electron microscopic quantification of autophagic vesicles in BHT-101 cells transfected with the indicated 
shRNA. Data are presented as mean±s.e.m. from 3 independent experiments; *P < 0.05.  

 
Proliferation is an important feature of tumor 

cells and a necessary condition for tumor malignant 
progression [39]. To characterize the biological 

functions of FOXK2 in PTC, we first detected the 
expression of FOXK2 in PTC cell lines. We found that 
the expression of FOXK2 was higher in most the PTC 
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cell lines than that in human thyroid follicular 
epithelial cells Nthy-ori-3-1. Furthermore, we found 
that knockdown of FOXK2 can inhibit the 
proliferation and colony formation in BHT-101 cells, 
and overexpression of FOXK2 can promote the 
proliferation and colony formation in BCPAP cells.  

Dysfunction of autophagy plays an important 
role in diseases development, especially in tumor 
formation [40, 41]. In the process of tumorigenesis, 
autophagy can inhibit the occurrence of tumors and 
inhibit the proliferation of tumor cells [42, 43]. A 
previous study found that FOXK2 can inhibit the 
expression of critical autophagy genes by recruiting 
the Sin3A-HDAC complex and limiting the 

acetylation of histone H4 [44]. In addition, FOXK2 
phosphorylation mediated by cell cycle checkpoint 
kinase 2 inhibits autophagy in a transcriptionally 
regulated manner [45]. Consistent with previous 
studies, our results show that silencing of FOXK2 
might promote autophagy by up-regulating the 
expression of critical autophagy proteins ULK1, 
VPS34, and FOXO3. Furthermore, autophagy 
inhibitor 3-MA attenuated autophagy activation and 
reversed the inhibition of cell proliferation and colony 
formation caused by silencing FOXK2, which 
suggested that silencing of FOXK2 inhibited cell 
proliferation and colony formation through 
up-regulating autophagy.  

 

 
Figure 4. Knockdown of FOXK2 promoted the expression of autophagy-related protein ULK1, VPS34 and FOXO3. (A) Western blot detection of ULK1, 
VPS34 and FOXO3 in BHT-101 cells transfected with indicated plasmids. (B-D) The protein expression of ULK1 (B), VPS34 (C) and FOXO3 (D) in BHT-101 cells was visualized 
via quantitative analysis. * P < 0.05. (E) Western blot detection of ULK1, VPS34 and FOXO3 in BCPAP cells transfected with indicated plasmids. (F-H) The protein expression 
of ULK1 (F), VPS34 (G) and FOXO3 (H) in BCPAP cells was visualized via quantitative analysis. ** P < 0.01. (I) Western blot detection of FOXK2, ULK1, VPS34, FOXO3 and 
p62 in BCPAP cells transfected with indicated plasmids and siRNA. 
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Figure 5. FOXK2 knockdown inhibited the proliferation of PTC cells through its regulating autophagy. (A) Western blot detection of p62 and LC3 in BHT-101 
cells transfected with indicated plasmids with or without 3-MA. Tubulin was used as a loading control. (B) The protein expression of p62 in BHT-101 cells treated with 3-MA was 
visualized via quantitative analysis. ** P < 0.01. (C) The protein expression of LC3II/I in BHT-101 cells treated with 3-MA was visualized via quantitative analysis. *P < 0.05. (D) 
The ability of cell proliferation was monitored by daily quantification in BHT-101 cells transfected with indicated plasmids for up to 4 days with or without 3-MA. ** P < 0.01. 
(E-F) The ability of cell colony formation was detected in BHT-101 cell lines transfected with indicated plasmids with or without 3-MA. * P < 0.05; **P < 0.01. 

 
In conclusion, we described the molecular 

mechanism of FOXK2 as an oncogene in papillary 
thyroid cancer, which promotes cell proliferation and 
colony formation by inhibiting autophagy. 
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3-MA: 3-Methyladenine; FOXK2: The forkhead 

box class K 2; FOXO3: Forkhead Box O3; PTC: 
papillary thyroid carcinoma; ULK1: Unc-51 Like 
Autophagy Activating Kinase 1; VPS34: 
Phosphatidylinositol 3-kinase. 

Acknowledgements 
This work was supported by Key R & D 

guidance plan of Liaoning Province (2019JH8/ 
10300008); Natural Science Foundation of Liaoning 
Province of China (ZF2019023); 345 talent project of 
Shengjing Hospital of China Medical University; The 
Project is sponsored by “Liaoning BaiQianWan 
Talents Program”. 



 Journal of Cancer 2022, Vol. 13 

 
https://www.jcancer.org 

867 

Author Contributions 
YH conceived and designed the study. SL 

performed most of the experiments and wrote the 
manuscript. PW analyzed the data from TCGA 
database. JH, TZ and JS contributed the experimental 
reagents and materials. All authors have read and 
approved the final version of the manuscript. 

Ethics approval 
All procedures performed in studies involving 

human participants were in accordance with the 
ethical standards of the institutional and national 
research committee and with the 1964 Helsinki 
Declaration and its later amendments or comparable 
ethical standards. The present study was approved by 
the Ethics Committee of Shengjing Hospital of China 
Medical University ( Shenyang, China). 

Consent to participate 
Informed consent was obtained from all 

individual participants included in the study. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Cabanillas ME, McFadden DG, Durante C. Thyroid cancer. Lancet. 2016; 

388: 2783-95. 
2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin. 

2020; 70: 7-30. 
3. Morris LG, Tuttle RM, Davies L. Changing Trends in the Incidence of 

Thyroid Cancer in the United States. JAMA Otolaryngol Head Neck 
Surg. 2016; 142: 709-11. 

4. Ferrari SM, Fallahi P, Politti U, Materazzi G, Baldini E, Ulisse S, et al. 
Molecular Targeted Therapies of Aggressive Thyroid Cancer. Front 
Endocrinol (Lausanne). 2015; 6: 176. 

5. Xing M. BRAF mutation in papillary thyroid cancer: pathogenic role, 
molecular bases, and clinical implications. Endocr Rev. 2007; 28: 742-62. 

6. Nestal de Moraes G, Carneiro LDT, Maia RC, Lam EW, Sharrocks AD. 
FOXK2 Transcription Factor and Its Emerging Roles in Cancer. Cancers 
(Basel). 2019; 11: 393. 

7. Chen S, Jiang S, Hu F, Xu Y, Wang T, Mei Q. Foxk2 inhibits non-small 
cell lung cancer epithelial-mesenchymal transition and proliferation 
through the repression of different key target genes. Oncol Rep. 2017; 37: 
2335-47. 

8. van der Heide LP, Wijchers PJ, von Oerthel L, Burbach JP, Hoekman MF, 
Smidt MP. FoxK2 is required for cellular proliferation and survival. J Cell 
Physiol. 2015; 230: 1013-23. 

9. Qian Y, Xia S, Feng Z. Sox9 mediated transcriptional activation of 
FOXK2 is critical for colorectal cancer cells proliferation. Biochem 
Biophys Res Commun. 2017; 483: 475-81. 

10. Zhang F, Ma X, Li H, Zhang Y, Li X, Chen L, et al. FOXK2 suppresses the 
malignant phenotype and induces apoptosis through inhibition of EGFR 
in clear-cell renal cell carcinoma. Int J Cancer. 2018; 142: 2543-57. 

11. Fujii Y, Nakamura M. FOXK2 transcription factor is a novel 
G/T-mismatch DNA binding protein. J Biochem. 2010; 147: 705-9. 

12. Sakaguchi M, Cai W, Wang CH, Cederquist CT, Damasio M, Homan EP, 
et al. FoxK1 and FoxK2 in insulin regulation of cellular and 
mitochondrial metabolism. Nat Commun. 2019; 10: 1582. 

13. Sukonina V, Ma H, Zhang W, Bartesaghi S, Subhash S, Heglind M, et al. 
FOXK1 and FOXK2 regulate aerobic glycolysis. Nature. 2019; 566: 
279-83. 

14. Wang W, Li X, Lee M, Jun S, Aziz KE, Feng L, et al. FOXKs promote 
Wnt/beta-catenin signaling by translocating DVL into the nucleus. Dev 
Cell. 2015; 32: 707-18. 

15. Du F, Qiao C, Li X, Chen Z, Liu H, Wu S, et al. Forkhead box K2 
promotes human colorectal cancer metastasis by upregulating ZEB1 and 
EGFR. Theranostics. 2019; 9: 3879-902. 

16. Lin MF, Yang YF, Peng ZP, Zhang MF, Liang JY, Chen W, et al. FOXK2, 
regulted by miR-1271-5p, promotes cell growth and indicates 
unfavorable prognosis in hepatocellular carcinoma. Int J Biochem Cell 
Biol. 2017; 88: 155-61. 

17. Maiuri MC, Zalckvar E, Kimchi A, Kroemer G. Self-eating and 
self-killing: crosstalk between autophagy and apoptosis. Nat Rev Mol 
Cell Biol. 2007; 8: 741-52. 

18. Choi AM, Ryter SW, Levine B. Autophagy in human health and disease. 
N Engl J Med. 2013; 368: 1845-6. 

19. Amaravadi RK, Kimmelman AC, Debnath J. Targeting Autophagy in 
Cancer: Recent Advances and Future Directions. Cancer Discov. 2019; 9: 
1167-81. 

20. Levy JMM, Towers CG, Thorburn A. Targeting autophagy in cancer. Nat 
Rev Cancer. 2017; 17: 528-42. 

21. White E. Deconvoluting the context-dependent role for autophagy in 
cancer. Nat Rev Cancer. 2012; 12: 401-10. 

22. Yue Z, Jin S, Yang C, Levine AJ, Heintz N. Beclin 1, an autophagy gene 
essential for early embryonic development, is a haploinsufficient tumor 
suppressor. Proc Natl Acad Sci U S A. 2003; 100: 15077-82. 

23. Liang C, Feng P, Ku B, Dotan I, Canaani D, Oh BH, et al. Autophagic and 
tumour suppressor activity of a novel Beclin1-binding protein UVRAG. 
Nat Cell Biol. 2006; 8: 688-99. 

24. Takahashi Y, Coppola D, Matsushita N, Cualing HD, Sun M, Sato Y, et 
al. Bif-1 interacts with Beclin 1 through UVRAG and regulates 
autophagy and tumorigenesis. Nat Cell Biol. 2007; 9: 1142-51. 

25. Takamura A, Komatsu M, Hara T, Sakamoto A, Kishi C, Waguri S, et al. 
Autophagy-deficient mice develop multiple liver tumors. Genes Dev. 
2011; 25: 795-800. 

26. Sun T, Li X, Zhang P, Chen WD, Zhang HL, Li DD, et al. Acetylation of 
Beclin 1 inhibits autophagosome maturation and promotes tumour 
growth. Nat Commun. 2015; 6: 7215. 

27. Kimmelman AC, White E. Autophagy and Tumor Metabolism. Cell 
Metab. 2017; 25: 1037-43. 

28. Karantza-Wadsworth V, Patel S, Kravchuk O, Chen G, Mathew R, Jin S, 
et al. Autophagy mitigates metabolic stress and genome damage in 
mammary tumorigenesis. Genes Dev. 2007; 21: 1621-35. 

29. Degenhardt K, Mathew R, Beaudoin B, Bray K, Anderson D, Chen G, et 
al. Autophagy promotes tumor cell survival and restricts necrosis, 
inflammation, and tumorigenesis. Cancer Cell. 2006; 10: 51-64. 

30. Lum JJ, Bauer DE, Kong M, Harris MH, Li C, Lindsten T, et al. Growth 
factor regulation of autophagy and cell survival in the absence of 
apoptosis. Cell. 2005; 120: 237-48. 

31. Ravikumar B, Sarkar S, Davies JE, Futter M, Garcia-Arencibia M, 
Green-Thompson ZW, et al. Regulation of mammalian autophagy in 
physiology and pathophysiology. Physiol Rev. 2010; 90: 1383-435. 

32. Nakatogawa H, Suzuki K, Kamada Y, Ohsumi Y. Dynamics and 
diversity in autophagy mechanisms: lessons from yeast. Nat Rev Mol 
Cell Biol. 2009; 10: 458-67. 

33. Suzuki K, Kubota Y, Sekito T, Ohsumi Y. Hierarchy of Atg proteins in 
pre-autophagosomal structure organization. Genes Cells. 2007; 12: 
209-18. 

34. Kim J, Kim YC, Fang C, Russell RC, Kim JH, Fan W, et al. Differential 
regulation of distinct Vps34 complexes by AMPK in nutrient stress and 
autophagy. Cell. 2013; 152: 290-303. 

35. Shan L, Zhou X, Liu X, Wang Y, Su D, Hou Y, et al. FOXK2 Elicits 
Massive Transcription Repression and Suppresses the Hypoxic Response 
and Breast Cancer Carcinogenesis. Cancer Cell. 2016; 30: 708-22. 

36. Liu Y, Ao X, Jia Z, Bai XY, Xu Z, Hu G, et al. FOXK2 transcription factor 
suppresses ERalpha-positive breast cancer cell growth through 
down-regulating the stability of ERalpha via mechanism involving 
BRCA1/BARD1. Sci Rep. 2015; 5: 8796. 

37. Wang B, Zhang X, Wang W, Zhu Z, Tang F, Wang D, et al. Forkhead box 
K2 inhibits the proliferation, migration, and invasion of human glioma 
cells and predicts a favorable prognosis. Onco Targets Ther. 2018; 11: 
1067-75. 

38. Rahib L, Smith BD, Aizenberg R, Rosenzweig AB, Fleshman JM, 
Matrisian LM. Projecting cancer incidence and deaths to 2030: the 
unexpected burden of thyroid, liver, and pancreas cancers in the United 
States. Cancer Res. 2014; 74: 2913-21. 

39. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. 
Cell. 2011; 144: 646-74. 

40. Miller DR, Thorburn A. Autophagy and organelle homeostasis in cancer. 
Dev Cell. 2021; 56: 906-18. 

41. Levy JMM, Towers CG, Thorburn A. Targeting autophagy in cancer. Nat 
Rev Cancer. 2017; 17: 528-42. 

42. White E. The role for autophagy in cancer. J Clin Invest. 2015; 125: 42-6. 



 Journal of Cancer 2022, Vol. 13 

 
https://www.jcancer.org 

868 

43. Wen X, Klionsky DJ. At a glance: A history of autophagy and cancer. 
Semin Cancer Biol. 2020; 66: 3-11. 

44. Bowman CJ, Ayer DE, Dynlacht BD. Foxk proteins repress the initiation 
of starvation-induced atrophy and autophagy programs. Nat Cell Biol. 
2014; 16: 1202-14. 

45. Chen Y, Wu J, Liang G, Geng G, Zhao F, Yin P, et al. CHK2-FOXK axis 
promotes transcriptional control of autophagy programs. Sci Adv. 2020; 
6: eaax5819. 


