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A B S T R A C T   

Papillary thyroid cancer (PTC) is the most prevalent endocrine cancer worldwide. Approximately 30 % of PTC 
patients will progress into the advanced or metastatic stage and have a relatively poor prognosis. It is well known 
that epithelial-mesenchymal transition (EMT) plays a pivotal role in thyroid cancer metastasis, resistance to 
therapy, and recurrence. Clarifying the molecular mechanisms of EMT in PTC progression will help develop the 
targeted therapy of PTC. The aberrant expression of some transcription factors (TFs) participated in many 
pathological processes of cancers including EMT. In this study, by performing bioinformatics analysis, adipocyte 
enhancer-binding protein 1 (AEBP1) was screened as a pivotal TF that promoted EMT and tumor progression in 
PTC. In vitro experiments indicated that knockout of AEBP1 can inhibit the growth and invasion of PTC cells and 
reduce the expression of EMT markers including N-cadherin, TWIST1, and ZEB2. In the xenograft model, 
knockout of AEBP1 inhibited the growth and lung metastasis of PTC cells. By performing RNA-sequencing, dual- 
luciferase reporter assay, and chromatin immunoprecipitation assay, Bone morphogenetic protein 4 (BMP4) was 
identified as a downstream target of AEBP1. Over-expression of BMP4 can rescue the inhibitory effects of AEBP1 
knockout on the growth, invasion, and EMT phenotype of PTC cells. In conclusion, these findings demonstrated 
that AEBP1 plays a critical role in PTC progression by regulating BMP4 expression and the AEBP1-BMP4 axis 
may present novel therapeutic targets for PTC treatment.   

Introduction 

Thyroid cancer is the most common type of endocrine cancer in 
women and there is an increased incidence and upward trend of mor-
tality rate of thyroid cancer from 2000 to 2016 in China [1]. Papillary 
thyroid cancer (PTC) accounts for 85 %–90 % of thyroid cancer [2]. 
Although a majority of PTC patients have a favorable prognosis, there 
are still some patients who die from recurrence and distant metastasis. 

Genetic alterations such as BRAFV600E, and RET/PTC are reported to be 
associated with the proliferation and metastasis of PTC [3] and several 
drugs which inhibit their protein kinases activity can help stabilize the 
disease of PTC patients [4]. Besides, aberrant expression of genes in 
cancer may be involved in the progression of tumors, and drugs tar-
geting the genes aberrantly expressed in PTC may also have the capa-
bility of blocking the progression of PTC. Therefore, it is significant to 
screen and validate the pivotal genes in PTC progression. 
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Adipocyte enhancer-binding protein 1 (AEBP1), as a transcription 
factor (TF) [5] aberrantly expressed in many types of tumors [6], is 
associated with the aggressive features and tumor progression of many 
cancers such as glioblastoma (GBM) [7], gastric cancer (GC) [8], colo-
rectal cancer (CRC) [9,10], and breast cancer (BC) [11]. Notably, several 
studies indicated that elevated AEBP1 expression was associated with 
epithelial-mesenchymal transition (EMT) in cancers. EMT is a cell bio-
logical process in which tumor cells lose their epithelial features and 
acquire mesenchymal features, which can promote tumor metastasis, 
resistance to therapy, and recurrence [12]. AEBP1 expression was found 
to be positively correlated with EMT scores in 329 colon adenocarci-
noma (COAD) patients [13] and upregulation of AEBP1 was found to 
promote the tumor growth and metastasis of GC and COAD by regu-
lating the expression of EMT-related genes [8,10]. In PTC, the dysre-
gulated network of TFs is reported to be associated with the initiation of 
EMT and contributes to tumor recurrence and metastasis [14]. However, 
the role of AEBP1 in PTC progression remains elusive. 

Herein, we carried out bioinformatics analysis and a series of in vitro 
and in vivo experiments to determine whether AEBP1 promotes PTC 
progression. We found that AEBP1 expression was higher in PTC sam-
ples compared to normal thyroid tissues and PTC patients with high 
expression of AEBP1 have worse prognosis. In vitro, AEBP1 promotes 
PTC cellsgrowth, migration, and invasion. Mechanistically, AEBP1 reg-
ulates the expression of bone morphogenetic protein 4 (BMP4) and 
promotes the EMT process in PTC. Our findings suggest that AEBP1 may 
be a crucial target for the treatment of PTC. 

Materials and methods 

Bioinformatics analysis 

The mRNA expression data and clinical information of GDC TCGA 
Thyroid Cancer (THCA) (TCGA-THCA) cohort were downloaded from 
UCSC Xena (https://xenabrowser.net) [15]. The data from GSE60542 
[16], GSE33630 [17,18], and GSE153659 [19] cohorts was downloaded 
from Gene Expression Omnibus database (https://www.ncbi.nlm.nih. 
gov/geo/). The signature profiles of proliferation, invasion, metastasis, 
and EMT were obtained from CancerSEA database (http://biocc.hrbmu. 
edu.cn/CancerSEA/) [20]. The single-sample gene set enrichment 
analysis (ssGSEA) algorithm [21] was used to calculate the scores of 
samples in TCGA-THCA cohort. To screen genes correlated with pro-
gression of PTC, weighted gene co-expression network analysis 
(WGCNA) was performed based on FPKM data of 2570 genes, which 
were composed of TFs, protein kinases, and epifactors. 

Cell culture 

The human PTC cell lines (BCPAP and TPC-1) were purchased from 
Procell Life Science (Wuhan, China) with STR profiles. All cells were 
cultured in DMEM medium (Gibco) supplemented with 10 % fetal 
bovine serum (FBS) (Gibco) and 1 % penicillin/streptomycin (Gibco) at 
37 ◦C with 5 % of CO2. 

Plasmids and lentivirus production 

The AEBP1 cDNA (CCDS5476.1) was cloned into the pCDH plasmid 
and the BMP4 cDNA (CCDS9715.1) was cloned into pLENTI plasmid for 
genes over-expression. The plasmids used for CRISPR‒Cas9-mediated 
knockout (KO) of AEBP1 were purchased from Tsingke company (Bei-
jing, China). The plasmids were transfected into 293 T cells along with 
the psPAX2 and pMD2.G plasmids for viral packaging. The supernatants 
of 293T cells were collected to infect PTC cells and experienced puro-
mycin selection. The sequences of single guide RNA (sgRNA) are caccg- 
GCGCCGAATGTACTCAACTG (sgAEBP1#1) and caccg- 
GCCACTCCAGGTATCCACG (sgAEBP1#2). 

Cell growth assay 

PTC cells were cultured in 96-well plates with DMEM containing 10 
% FBS and 1 % penicillin/streptomycin (1500 cells/well, three wells per 
group). Then, equal amounts of the CCK-8 reagent (C0048XL, Beyotime, 
China) were added into each well at different time and the viability of 
cells was examined using the absorbance at 450 nm. 

Colony forming assay 

PTC cells were seeded in 6-well plates with DMEM containing 10 % 
FBS and 1 % penicillin/streptomycin (300 cells/well, three wells per 
group). Three weeks after cells were seeded, the numbers of colonies 
were counted after cells were fixed with 10 % formalin and stained with 
0.1 % crystal. 

Cell cycle assay 

PTC cells were seeded in 24-well plates with DMEM containing 10 % 
FBS and 1 % penicillin/streptomycin for 24 h, Then, cells were digested 
with trypsin and suspended into single cell, and fixed with 70 % ethanol 
at 4◦C overnight. PBS with 0.2 mg/mL RNase A was used to re- 
suspended and washed these cells and wash buffer with 50 μg/mL PI 
(C1052, Beyotime, China) for staining cells for 30 min. Next, the per-
centages of cells of G0/G1, S, and G2/M were measured by Beckman 
Cytoflex. 

Cell adhesion assay 

PTC cells (3 × 104 cells/well, three wells per group) were cultured in 
96-well plates coated with fibronectin for 2 h. Then, the cells were fixed 
with 10 % formalin, stained with crystal violet and subsequently the 
cells were washed with ddH2O and incubated with 100 μl 33 % acetic 
acid. The absorbance detected at 560 nm was used to evaluate the cell 
adhesion. 

Transwell assay 

For transwell assays, chambers (24-well, 8 μm pore, Corning) with 
Matrigel (BD Science, USA) were utilized for measuring cell invasion 
and chambers without Matrigel were utilized for measuring cell 
migration. PTC cells were seeded in the upper chambers with 200 μL 
serum-free DMEM (5 × 104 cells/well, 3 wells per group). 500 μL of 
DMEM containing 10 % FBS was added into the lower chambers. After 
cells were incubated at 37◦C for 24 h, the cells in the upper surface of the 
chamber were removed and the cells in the lower surface of the chamber 
were fixed with 4 % paraformaldehyde and stained with 0.1 % crystal 
violet for counting. 

Western blot 

Total protein was lysed with RIPA buffer (KeyGEN, Biotech), and the 
protein concentration was determined using a BCA Protein Assay Kit 
(ZJ101, EpiZyme). Total protein was separated by SDS‒PAGE gel elec-
trophoresis and transferred onto PVDF membrane (Millipore, USA). 
Membranes were blocked in 5 % skim milk for 1 h and incubated 
overnight with primary antibodies at 4◦C. Then, membranes were 
incubated with secondary antibody and visualized. The primary anti-
bodies used were anti-AEBP1 (1: 1000, sc-271374, Santa Zruz, USA), 
anti-GAPDH (1: 10000, AC003, Abclonal, China), anti-BMP4 (1: 2000, 
ab124715, Abcam, UK), anti-E-cad (1: 2000, 14472, CST, USA), anti-N- 
cad (1: 1000, 13116, CST, USA), anti-vimentin (1: 1000, 3932, CST, 
USA), anti-TWIST1 (1: 1000, 90445, CST, USA), anti-ZEB2 (1: 1000, 
ab223688, Abcam, UK), anti-Smad1/5/9 (1: 1000, ab300164, Abcam, 
UK), and anti-p-Smad1/5/9 (1: 1000, AP0850, Abclonal). 
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RNA-sequencing 

Total RNA from the BCPAP cells carrying sgAEBP1 or NC were 
extracted using Trizol reagent (Invitrogen). RNA purification, reverse 
transcription, library construction and sequencing were performed by 
Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai, 
China) according to the manufacturer’s instructions (Illumina, San 
Diego, CA). In this study, count data of mRNA expression was extracted 
to perform differential expression analysis with DESeq2 method. The 
pearson correlation analysis was performed with transcripts per million 
(TPM) data. 

Chromatin immunoprecipitation (ChIP) and real-time PCR (RT-PCR) 

ChIP assay was performed using a Pierce Magnetic ChIP Kit (CST, 
USA) according to the instructions. 1 % formaldehyde was added to PTC 
cells for cross-linking. Then, the lysates of cells were experienced 
digestion with MNase and sonication for obtaining DNA fragments. After 
immunoprecipitation with an anti-AEBP1 antibody (1:100, sc-271374, 
Santa Zruz, USA), samples were treated with Proteinase K and recov-
ered with a DNA clean-up column. RT-PCR was performed with Hieff 
UNICON® Power qPCR SYBR Green Master Mix (YEASEN, China) on a 
QuantStudio Dx instrument (Applied Biosystem, USA) according to the 
instructions. The sequences of primers are F1: CACACAGTTCTGCACA-
CAGC and R1: AGGAGCTGTTGGATCGGTTT (Primer#1), F2: 
GGGGTCTACCTCAGGGTCAT and R2: GCAGAACTGTGTGCCAGAGA 
(Primer#2), and F3: TAGCTCCCTCACAGCTCCAT and R3: AGGTG-
GAATGTGGTGGCTTT (Primer#3). 

Dual-luciferase reporter assay 

The promoter sequences of BMP4 was cloned into the pGL3-basic 
vector. Then, pGL3-basic, Renilla plasmid, and pCDH plasmids with 
an NC sequence or the AEBP1 cDNA were co-transfected into 293 T cells. 
Firefly, and Renilla luminescence were measured by the Dual-Glo® 
Luciferase Assay System (Promega, USA) 48 hours after transfection. 

Immunohistochemistry (IHC) 

PTC samples, along with paired adjacent normal thyroid specimens, 
were collected from the Affiliated Hospital of Jining Medical University 
for tissue microarray (TMA) construction. IHC staining of AEBP1 (1: 
100, ab254973, Abcam, UK) and BMP4 (1: 200, ab124715, Abcam, UK) 
using TMA were performed following a standard IHC protocol as 
described previously [22]. The IHC-score (0–12) was obtained by 
multiplying the score of staining intensity with the score of positive cell 
frequency [23]. The score of staining intensity were defined as: 0 =
negative; 1 = weak; 2 = moderate; and 3 = strong. The score of positive 
cell frequency was defined as: <5 % = 0; 5 %-25 % = 1; 26 %–50 % = 2; 
51 %-75 % = 3; >75 % = 4. 

Xenograft model 

All animal procedures and protocols in our study were in accordance 
with the Institute of Biophysics, Chinese Academy of Science’s Policy on 
Care and Use of Laboratory Animals. Female BALB/c nude mice (5 
weeks old) were purchased from the HFK BIOSCIENCE (Beijing). 5 × 106 

BCPAP cells with sgAEBP1 or control vector cells in 200 ul PBS were 
subcutaneously injected into the right flank of mice (6 mice/group). 
Tumor volumes were measured every 7 days and calculated according to 
the formula as follows: volume = 0.5 × tumor length × width2. Tumor 
weights were obtained after dissecting the tumor tissues from eutha-
nized mice. The tumor tissues were fixed and dissected for IHC staining 
with anti-AEBP1 (1: 100, ab254973, Abcam, UK), anti-BMP4 (1: 200, 
ab124715, Abcam, UK), anti-E-Cad (1: 1000, 14472, CST, USA), and 
anti-N-cad (1: 200, 13116, CST, USA). For the nude mouse model of 

pulmonary metastasis assay, PTC cells (1 × 106) were suspended in 
200 µL PBS and injected into mice via the tail vein (5 mice/group). Four 
weeks after injection, the mice were euthanized, and the lung of dead 
mice was excised and fixed in formalin. Paraffin-embedded lungs were 
systematically sectioned and stained with hematoxylin and eosin (H&E) 
staining, and images were captured by iViewer software. 

Statistical analysis 

All data in this study were analyzed by GraphPad Prism and R soft-
ware. Student’s t-test was used to compare differences between two 
groups. The log-rank tests were performed after Kaplan–Meier survival 
analysis to assess patient’s prognosis. P < 0.05 was considered statisti-
cally significant. 

Results 

AEBP1 was screened out and considered to be associated with progression 
and EMT in PTC 

To identify pivotal genes in the progression of PTC, we used tran-
scriptome data of TFs, kinase, and epifactors from TCGA-THCA to 
perform WGCNA. Then, proliferation, invasion, metastasis, and EMT 
score of samples in TCGA-THCA were calculated using ssGSEA method. 
Through pearson correlation analysis, core genes in the module identi-
fied by WGCNA which was associated with proliferation, invasion, 
metastasis, and EMT in PTC were screened out (Fig. 1A). In WGCNA, 10 
was selected as the soft threshold power (Fig. 1B) and 6 co-expression 
modules were clustered (Fig. 1C). The yellow module had the stron-
gest positive correlation with proliferation, invasion, metastasis, and 
EMT score (Fig. 1D). Total 73 genes in yellow module were significantly 
associated with proliferation, invasion, metastasis, and EMT scores with 
P < 0.05 and correlation coefficient (R) ≥ 0.4 (Fig. 1E). Among which, 
AEBP1 had the strongest positive correlation with invasion and EMT 
scores (Fig. 1F). We further found that AEBP1 had the strong positive 
correlation with EMT markers such as TWIST 1, VIM, MMP1, and 
COL3A1 both in TCGA-THCA (Fig. 1G) and GSE60542 (Fig. 1H) data-
sets. These results from bioinformatics analysis suggested that AEBP1 
may be involved in PTC EMT and progression. 

AEBP1 overexpression is associated with advanced TNM stage and poor 
prognosis in PTC 

Firstly, the expression of AEBP1 in thyroid cancer samples and 
normal thyroid samples was examined using multiple cohorts including 
TCGA, GSE33630, and GSE153659, and we found that AEBP1 had 
higher expression in the PTC samples (Fig. 2A and B). Moreover, ATC 
had higher expression of AEBP1 than PTC (Fig. 2C), and PTC samples 
with more advanced TNM stage had higher AEBP1 expression in the 
TCGA cohort (Fig. 2D–F). We then validated the expression of AEBP1 at 
the protein level in PTC patients with metastatic disease (N1) compared 
to those that have primarily local disease (N0) via IHC staining (Fig. 2G 
and H). PTCs with more advanced T stage had higher IHC-scores 
(Fig. 2I). Besides, high expression of AEBP1 indicated worse overall 
survival (OS), disease specific survival (DSS), progression free interval 
(PFI), and disease free interval (DFI) in PTC patients (Fig. 2J). These 
results suggest that AEBP1 may be associated with the progression of 
PTC. 

AEBP1 promotes the growth and migration of PTC cells in vitro 

To explore the role of AEBP1 in PTC, AEBP1 was knocked out in 
BCPAP cells and overexpressed in TPC-1 cells (Fig. 3A). Results of CCK8 
assays showed that knock out of AEBP1 decreased the growth rate of 
BCPAP cells (Fig. 3B). We also found that knock out of AEBP1 inhibited 
the colony formation of BCPAP cells (Fig. 3C). Flow cytometry was 
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Fig. 1. AEBP1 was screened as a gene associated with proliferation, invasion, migration, and EMT in PTC by bioinformatics analysis. A. Flow diagram showed the 
illustration of bioinformatics analysis. B. Selected soft-thresholding powers. The left panel showed the scale-free fit index and soft-thresholding power. The right 
panel showed the mean connectivity and the soft-thresholding power. C. Clustering dendrogram of genes, six modules were screened. D. Yellow module was the most 
significant positively correlated with proliferation, migration, invasion and EMT. E. Circos plot showed that 73 genes were screened for further analysis. F. AEBP1 
was screened as for further analysis. G. AEBP1 expression is significant associated with EMT related genes expression in PTC sample in TCGA-THCA cohort. H. AEBP1 
expression is significant associated with expressions of vimentin, TWIST1, MMP1, COL3A1 in PTC samples in GSE60542 cohort. 
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conducted to evaluate the effect of AEBP1 on cell cycle, and knock out of 
AEBP1 was found to increase the percentage of cells in G0/G1 phase, 
while the percentages of cells in S or G2/M phase were reduced 
(Fig. 3D). Moreover, we found that AEBP1 knock-out increased the cell 
adhesion of BCPAP cells (Fig. 3E). Results from Transwell showed that 
knock out of AEBP1 significantly inhibited the migration and invasion 
abilities of BCPAP cells (Fig. 3F). Besides, we also found that overex-
pressed AEBP1 reduced cell adhesion and increased the growth rate, 
colony formation ability, the percentages of cells in S or G2/M phase, 
migration and invasion abilities of TPC-1 cells (Fig. 3G–K). These results 
indicate that AEBP1 promotes the growth and migration of PTC cells in 
vitro. 

AEBP1 regulates the expression of EMT related proteins in PTC cells 

Three paired AEBP1 knockout BCPAP cells and parental BCPAP cells 
were experienced RNA-sequencing analysis, and we screened out 387 
up-regulated and 853 down-regulated mRNAs in AEBP1 knockout 
BCPAP cells (Fig. 4A). The down-regulated mRNAs were experienced 
pathway enrichment analysis, and we found that the epithelial mesen-
chymal transition (HALLMARK) pathway was enriched (Fig. 4B). The 
expression of mesenchymal markers and EMT related TFs was found to 
be decreased in AEBP1 knockout BCPAP cells, while the expression of 
epithelial markers was increased (Fig. 4C). Western blot analysis vali-
dated that knock out of AEBP1 decreased the expression of N-cad, 

Vimentin, TWIST1 and ZEB2 in BCPAP cells, while increased the 
expression of E-cad (Fig. 4D). Moreover, we also found that overex-
pressed AEBP1 increased the expression of N-cad, Vimentin, TWIST1 
and ZEB2 in TPC-1 cells, while decreased the expression of E-cad 
(Fig. 4E). These results indicate that AEBP1 may participate in the EMT 
process of PTC cells. 

AEBP1 promotes the transcription of BMP4 in vitro 

TGF-beta signaling pathway played a critical role in EMT process and 
was enriched when down-regulated genes in AEBP1 knockout BCPAP 
cells were used as input for both KEGG and HALLMARK pathway 
enrichment analysis (Fig. 4B). Among the 10 down-regulated genes in 
TGF-beta signaling pathway (Fig. 5A), BMP4 expression was signifi-
cantly correlation with AEBP1 expression in both TCGA cohort (Fig. 5B) 
and our patients (Fig. 5C). The PTC patients with high AEBP1 expression 
(IHC-scores >=6) had higher IHC-scores of BMP4 than that with low 
AEBP1 expression (Fig. 5D). Dual-luciferase reporter assay showed that 
overexpressed AEBP1 increased the transcription of BMP4 (Fig. 5E). 
According to previous study [5], GAAAT was identified as a genomic 
DNA binding motif of AEBP1, and three specific pairs of primers were 
designed for targeting the potential binding regions within the promoter 
of BMP4 in CHIP-PCR assay (Fig. 5F). The results found that AEBP1 
could bind to the three regions (Fig. 5 G). Moreover, western blot 
analysis showed that overexpressed AEBP1 elevated the expression of 

Fig. 2. Higher expression of AEBP1 is detected in PTC samples with aggressive phenotype and poor prognosis. A. PTC samples have higher expression of AEBP1 than 
normal thyroid samples in TCGA-THCA cohort. B. PTC samples have higher expression of AEBP1 than normal thyroid samples in both GSE33630 and GSE153659 
cohorts. C. ATC samples have higher expression of AEBP1 than PTC samples in GSE33630 cohort. D. T3/4 stage PTC samples have higher expression of AEBP1 than 
T1/2 stage PTC samples in TCGA-THCA cohort. E. N1 stage PTC samples have higher expression of AEBP1 than N0 stage PTC samples in TCGA-THCA cohort. F. III/IV 
stage PTC samples have higher expression of AEBP1 than I/II stage PTC samples in TCGA-THCA cohort. G. IHC staining of AEBP1 in PTC samples with metastatic 
disease (N1) compared to those that have primarily local disease (N0). H. N1 stage PTC samples have higher IHC-scores of AEBP1 than N0 stage PTC samples. I. T2 
stage PTC samples have higher IHC-scores of AEBP1 than T1 stage PTC samples. J. Patients with high AEBP1 PTC had poor prognosis than patients with low AEBP1 
PTC. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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BMP4 and p-smad1/5/9 in TPC-1 cells (Figure H), while knocked out of 
AEBP1 reduced the expression of BMP4 and p-smad1/5/9 in BCPAP cells 
(Figure I). These results suggest that AEBP1 may participate in the 
activation of BMP4 signaling. 

Overexpressed BMP4 rescues inhibitory phenotype induced by AEBP1 
knockout in BCPAP cells 

To investigate the biological role of BMP4 in PTC cells, we overex-
pressed BMP4 in BCPAP cells (BMP4-OE) and AEBP1 knockout BCPAP 
cells (sgAEBP1+BMP4-OE). We found that overexpressed BMP4 

promoted the cell growth, colony formation, migration and invasion of 
BCPAP cells (Fig. 6A–E). Moreover, BMP4 overexpression could rescue 
the inhibitory effects of AEBP1 knockout on the cell growth, colony 
formation, migration and invasion of BCPAP cells (Fig. 6A–E). Besides, 
we observed that overexpressed BMP4 elevated the expression of 
TWIST1, ZEB2, and N-cad, while decreased the expression of E-cad, and 
rescued these proteins’ expression changes caused by AEBP1 knockout 
in BCPAP cells (Fig. 6F). These results indicate that AEBP1 can promote 
PTC cells proliferation, migration, invasion and EMT via activating 
BMP4 signaling. 

Fig. 3. AEBP1 promotes the growth and migration of PTC cells in vitro. A. Western blot showed BCPAP cells with AEBP1 was knocked out and TPC-1 cells with 
AEBP1 overexpression. B. CCK8 assays showed that AEBP1 knockout inhibited the growth of BCPAP cells. C. AEBP1 knockout inhibited the colony formation of 
BCPAP cells. D. AEBP1 knockout decreased the percentage of BCPAP cells in S and G2/M phase. E. AEBP1 knockout increased the cell adhesion of BCPAP cells. F. 
AEBP1 knockout inhibited the migration and invasion of BCPAP cells. G. CCK8 assays showed that AEBP1 overexpression promoted the growth of TPC-1 cells. H. 
AEBP1 overexpression promoted the colony formation of TPC-1 cells. I. AEBP1 overexpression increased the percentage of TPC-1 cells in S and G2/M phase. J. AEBP1 
overexpression reduced the cell adhesion of TPC-1 cells. K. AEBP1 overexpression promoted the migration and invasion of TPC-1 cells. **P < 0.01, ***P < 0.001, 
****P < 0.0001. 
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AEBP1 knockout inhibits the proliferation and lung metastasis of PTC cells 
in vivo 

We investigated the effects of AEBP1 knockout on tumorigenesis and 
metastatic ability of BCPAP cells in mice. We observed that the level of 
tumor volume (Fig. 7A and B) and tumor weight (Fig. 7C) in AEBP1 
knockout (sgAEBP1) group were lower than that in the NC (sgNC) group. 
The expression of AEBP1, BMP4, E-cad, and N-cad was examined in 
tumor sections by IHC staining, and we found that AEBP1 knockout 
decreased the expression of BMP4 and N-cad, while increased the 
expression of E-cad (Fig. 7D). Moreover, our results showed that the 
number of lung metastatic nodules in AEBP1 knockout group was less 
than that in the NC group (Fig. 7E and F). These findings demonstrated 
that AEBP1 knockout inhibited the proliferation and lung metastasis of 
PTC cells in vivo. 

Discussion 

Recurrence and distant metastasis are the main causes of cancer 
related death in PTC. Although patients with PTC usually have a 
favorable outcome, with a 5-year survival rate of over 97 % [24], up to 
30 % of patients diagnosed at the early stage will relapse into the locally 
advanced or distant metastatic stage [25–28] and approximately 
two-thirds of the metastatic tumors will become refractory to radioac-
tive iodine, with a 10-year survival rate of only 10 % [28–30]. In this 
clinical setting, it is significant to screen more novel therapeutic targets 
and investigate the potential molecular mechanisms regarding pro-
gression of PTC, which would be beneficial to develop effective targeted 
therapies and improve the overall prognosis for patients with PTC. 

Dysregulation of transcription factors has been shown to contribute 
to the development and progression of many types of cancers [31]. In 
PTC, as a classical transcription factor, HIF-1α induced by hypoxia stress 

Fig. 4. AEBP1 promotes EMT of PTC cells in vitro. A. Volcano plot showed differentially expressed genes between BCPAP cells and BCPAP cells with AEBP1 knockout. 
B. Pathway enrichment analysis showed that EMT pathway was enriched. C. Heatmap showed that mesenchymal genes and EMT related transcription factors were 
down-regulated in BCPAP cells with AEBP1 knockout, while epithelial genes were up-regulated. D. Western blot showed that AEBP1 knockout reduced the expression 
of Vimentin, TWIST1, ZEB2, and N-cad, while elevated the expression of E-cad in BCPAP cells. E. Western blot showed that AEBP1 overexpression elevated the 
expression of Vimentin, TWIST1, ZEB2, and N-cad, while reduced the expression of E-cad in TPC-1 cells. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Fig. 5. AEBP1 promotes the transcription of BMP4. A. RNA sequencing data showed that BMP4 expression was down-regulated by AEBP1 knockout in BCPAP cells. 
B. BMP4 expression was significant positively correlated with AEBP1 expression in TCGA-THCA cohort. C. IHC staining of BMP4 in AEBP1 high and AEBP1 low PTC 
samples. D. AEBP1 high PTC samples had higher IHC-scores of BMP4 than AEBP1 low PTC samples. E. Luciferase report assay showed that AEBP1 overexpression 
elevated the BMP4 transcription activity. F. Illustration of three potential binding sites of AEBP1 in BMP4 promoter. G. CHIP-qPCR assay showed that AEBP1 could 
bind to BMP4 promoter. H. Western blot showed that AEBP1 overexpression elevated the expression of BMP4 and p-smad1/5/9 in TPC-1 cells. I. Western blot showed 
that AEBP1 knockout reduced the expression of BMP4 and p-smad1/5/9 in BCPAP cells. *P < 0.05,**P < 0.01, ***P < 0.001, ****P < 0.0001. 
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is reported to promote tumor progression by regulating the expression of 
TERT [32]. RUNX2 is found to be associated with tumor invasion and 
metastasis of PTC by regulating the transcription of EMT-related genes 
[33]. In our study, WGCNA was carried out using transcriptome data 
from TCGA-THCA cohort, and AEBP1 was screened as a pivotal tran-
scription factor that correlated with proliferation, metastasis, and EMT 
of PTC. 

AEBP1 is a transcription factor involved in the progression of many 
types of cancers. Several studies have reported that AEBP1 was highly 
expressed and correlated with the proliferation and prognosis of GBM 
[34,35]. In CRC, AEBP1 silencing inhibited the proliferation, migration, 
and invasion of tumor cells in vitro and decreased the number of meta-
static lung nodules in a xenograft mouse model [10]. According to 
previous studies, AEBP1 also promoted the progression of GC, bladder 
cancer, and melanoma by regulating the growth, metastasis, and 
response to therapy of tumor cells [8,36,37]. There is still a lack of re-
ports on the correlation of AEBP1 with PTC progression. Our study first 

revealed that AEBP1 promoted growth, migration, and invasion of 
BCPAP and TPC-1 cells in vitro and attenuated tumorigenesis and lung 
metastasis of BCPAP cells in vivo. Studies have shown that EMT pro-
moted many types of cancer metastasis and progression, including PTC 
[14,38,39]. In our study, we found that AEBP1 could enhance the 
expression of EMT-related proteins such as TWIST1, N-cadherin, and 
ZEB2 in PTC cells, indicating that AEBP1 plays an important role in the 
EMT process of PTC cells which is concordant with our bioinformatics 
analysis. 

Mechanistically, BMP4 was identified as a downstream target of 
AEBP1 and over-expression of BMP4 could rescue the inhibitory effects 
of AEBP1 knockout on proliferation, migration, and invasion of PTC 
cells. In addition, the expressions of EMT makers such as TWIST1, N- 
cadherin, and ZEB2 were restored by BMP4 overexpression in AEBP1 
knockout BCPAP cells. BMP4 is a member of BMP family and induces 
EMT process in cancer [40]. Previous studies showed that BMP4 was 
abnormally expressed and promoted tumor metastasis by inducing EMT 

Fig. 6. BMP4 overexpression rescues the effects of AEBP1 knockout on BCPAP cells. A. CCK8 assays showed that BMP4 overexpression rescued the inhibitory effects 
of AEBP1 knockout on the cell growth of BCPAP cells. B and C. BMP4 overexpression rescued the inhibitory effects of AEBP1 knockout on the colony formation of 
BCPAP cells. D and E. BMP4 overexpression rescued the inhibitory effects of AEBP1 knockout on the migration and invasion of BCPAP cells. F. Western blot showed 
that BMP4 overexpression rescued the expressions change of TWIST1, ZEB2, N-cad and E-cad which induced by AEBP1 knockout in BCPAP cells. **P < 0.01, ***P <
0.001, ****P < 0.0001. 
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in many types of solid tumors, such as prostate cancer, GC, esophageal 
squamous cell carcinoma, and hepatocellular carcinoma [41–44]. 
Xiaomei Meng et al. reported that BMP4 expression was positively 
correlated with tumor size, capsular invasion, and TNM stage of PTC 
[45]. Qinyi Zhou and colleagues have reported that activation of 
BMP4/7 signaling promoted thyroid cancer proliferation via regulating 
iron homeostasis [46]. Our study indicated that BMP4 played a critical 
role in the EMT process and PTC progression induced by AEBP1. Thus, 
BMP4 may represent a potential therapeutic target for PTC patients with 
high expression of AEBP1. 

In conclusion, our study showed that AEBP1 promoted the growth, 
migration, invasion, metastasis, and EMT of PTC cells. AEBP1 can 

regulate the transcription of BMP4, and BMP4 overexpression can rescue 
the effects of AEBP1 knockout on PTC cells. The AEBP1-BMP4 axis may 
present novel therapeutic targets for PTC treatment. 

Availability of data and materials 

The raw sequence data reported in this paper have been deposited in 
the Genome Sequence Archive (Genomics, Proteomics & Bioinformatics 
2021) in National Genomics Data Center (Nucleic Acids Res 2022), 
China National Center for Bioinformation / Beijing Institute of Geno-
mics, Chinese Academy of Sciences (GSA-Human: HRA005597) that are 
publicly accessible at https://ngdc.cncb.ac.cn/gsa-human [47,48]. 

Fig. 7. Knock out of AEBP1 inhibits the proliferation and lung metastasis of PTC in vivo. A. Equal amounts of BCPAP sgNC or sgAEBP1 cells were subcutaneously 
injected into the right flank of the nude mice and tumor volumes and weights were measured 4 weeks after injection. B. Tumor volumes were reduced in sgAEBP1 
group compared to sgNC group. C. Tumor weights were reduced in sgAEBP1 group compared to sgNC group. D The expressions of AEBP1, BMP4, N-cad, E-cad were 
examined in tumor sections by IHC staining, and knock out of AEBP1 was found to decrease the expressions of BMP4 and N-cad, while increase the expression of E- 
cad. E. Equal amounts of BCPAP sgNC or sgAEBP1 cells were injected into nude mice via the tail vein, the lung of mice was excised and fixed in formalin 4 weeks after 
injection and paraffin-embedded lungs were systematically sectioned and stained with hematoxylin and eosin (H&E) staining. F. Knock out of AEBP1 was found to 
decrease the lung metastasis of BCPAP cells in nude mice. ***P < 0.001, ****P < 0.0001. 
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