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Abstract 
This study addresses a critical knowledge gap in understanding the tumor 

microenvironment of thyroid cancer by elucidating the mechanism by which tumor 

cell-derived CD133-positive exosomes promote lymph node metastasis. We employed 

molecular docking, western blot, and other molecular characterizations to investigate 

the crucial interaction between CD133 and VEGFR3 and its impact on metastasis. 

Additionally, experiments assessed the influence of CD133-positive exosomes on 

lymphatic endothelial cell proliferation and migration. 

Our findings demonstrate a significant direct interaction between CD133 and 

VEGFR3, as suggested by molecular docking. Furthermore, inhibition of CD133 

expression resulted in a notable reduction in lymph node metastasis. We also observed 

that CD133-positive exosomes derived from thyroid cancer cells actively contribute to 

the migration and proliferation of lymphatic endothelial cells. 

These results unveil a novel pathway for lymph node metastasis in thyroid cancer. 

The identification of CD133 and its interaction with VEGFR3 as key players in this 

process holds significant promise for the development of targeted therapeutic 

strategies.  By focusing on these targets, researchers can potentially improve the 

prognosis of patients with thyroid cancer. 
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Introduction 
 

Thyroid cancer is a common malignant tumor and 

one of the fastest-growing malignant tumors in the 

world in recent years. The rate of cervical lymph 

node metastasis and even papillary thyroid 

microcarcinomas (less than 1 cm in diameter) have a 

high percentage, i.e., 30% to 70% (Dionigi et al., 

2006; Elaraj and Sturgeon, 2009; Kluijfhout et al., 

2017). Lymphangiogenesis is a key link in tumor 

lymph node metastasis (Alitalo and Carmeliet, 2002; 

Karnezis et al., 2012; Liu and Cao, 2016). 

Hepatocyte growth factor, insulin-like growth factor, 

fibroblast growth factor-2, and vascular endothelial 
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growth factor (VEGF), to promote 

lymphangiogenesis (Alitalo and Carmeliet, 2002; 

Jiang et al., 2018). VEGF-C and VEGF-D interact 

with VEGFR3 on the surface of lymphatic 

endothelial cells to activate the MAPK and PI3K-Akt 

pathways, then promote the migration and 

proliferation of lymphatic endothelial cells and form 

new lymphatic vessels. Therefore, studying the 

mechanism of thyroid cancer cell-derived factors 

promoting the migration and proliferation of 

lymphatic endothelial cells will help to explain the 

mechanism of lymph node metastasis of thyroid 

cancer. 

Exosomes released from tumors modulate the tumor 

microenvironment by interacting with their surface 

proteins and surface molecules of target cells, then 

regulate tumor lymph node metastasis (Nabet et al., 

2017; Zhang et al., 2017). Tumor cell-derived cells 

carrying integrin α6β4 exosomes first transfer to 

target organs and change the "soil" environment of 

tumor colonization, preparing for tumor metastasis. 

Podoplanins carried by exosomes promote 

lymphangiogenesis (Carrasco-Ramírez et al., 2016; 

Hood et al., 2011). Therefore, studying the regulation 

of thyroid cancer cell-derived exosomes on lymphatic 

endothelial cells will help to explain the mechanism 

of thyroid cancer lymph node metastasis. 

CD133 (Prominin-1) is a marker of various solid 

tumor stem cells, such as glioblastoma and colon 

cancer (Neuzil et al., 2007; Singh et al., 2004; Yin et 

al., 1997). Similarly, CD133-positive thyroid cancer 

cells have stem cell properties and tumor-initiating 

capacity (Ke et al., 2013; Zito et al., 2008). CD133 

interacts with HDAC6, p85, plakoglobin, and ERK in 

colon cancer, glioma, and inter-epithelial cells to 

regulate different stages of cancer development 

(Koyama-Nasu et al., 2013; Mak et al., 2012; Wei et 

al., 2013). 

CD133-positive exosomes regulate the tumor 

microenvironment. Increased expression of CD133 in 

invasive melanoma cells results in CD133-positive 

exosomes that promote bone marrow stromal cell 

migration (Rappa et al., 2013); Colorectal cancer 

cells-derived CD133-positive exosomes can promote 

fibroblast proliferation (Lucchetti et al., 2017). 

This study investigated the effect of tumor cell-

derived CD133-positive exosomes on lymphatic 

endothelial cells to classify thyroid cancer with 

guiding significance for clinical diagnosis and 

treatment. CD133-positive exosomes originating 

from thyroid cancer cells were found to be 

facilitators of the migration and proliferation of 

lymphatic endothelial cells. CD133 interacts with the 

extracellular domain of VEGFR3 and then activates 

the related signaling pathway, promoting the 

formation of lymphatic vessels and lymph node 

metastasis of thyroid cancer cells. 

 

Material and Methods 
 

Patient samples of thyroid carcinoma 

The thyroid carcinoma specimens utilized in this 

investigation were obtained from Zhongshan Hospital 

in China. A singular site of the primary tumor and 

corresponding peritumor tissues were procured. 

Patients were selected randomly during their initial 

visit and did not undergo any anticancer interventions 

before the surgical procedure. The primary tumor 

tissues, along with paired peritumor tissues (> 3 cm 

apart from the tumor edge) and cervical lymph nodes, 

were surgically excised and promptly transferred to 

liquid nitrogen. 4 paired samples were gathered, 

along with clinical details such as degree of 

differentiation, tumor size, age, histological subtype, 

gender, lymph node metastasis, and the date of 

surgical resection. The acquisition of all patient 

samples was carried out following approval by the 

hospital’s Research Ethics Committee. All 

participants provided written informed consent, and 

this study adheres to the Declaration of Helsinki. 

 
Reagents and antibodies 

The plasmids pLKO.1-pure, CD513B, and 

pRRLSIN.cPPT.PGK were generously provided by 

Daru Lu from Fudan University. The application of 

green fluorescent protein as a marker in ARO cells 

was based on CD513B. The restriction enzymes 

utilized in this study were obtained from New 

England Biolabs (Beverly, Massachusetts). Hoechst 

dye was procured from Sigma Aldrich. Pfu DNA 

polymerase and the PCR reagents were procured 

from TakaRa. Transfection reagents, including 

Lipofectamine 2000, Dulbecco's modified Eagle's 

medium basic (DMEM), DMEM F12, and RPMI 

1640 medium, were acquired from Invitrogen. The 

fetal bovine serum (FBS) utilized in the study was 

sourced from Gibco. The protease inhibitor solution 

was sourced from Roche Life Science. Strep-tag 

antibody and Strep-Tactin Superflow agarose were 

acquired from Santa Cruz Biotechnology. Antibodies 

such as anti-LVVE-1, anti-CD133, anti-CD63, anti-

GM130, anti-VEGFR3, and anti-GAPDH were 
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procured from Abcam. The DAPI stain was 

purchased from Sigma. For secondary detection, goat 

anti-rabbit IgG antibodies and goat anti-mouse IgG 

were sourced from Santa Cruz Biotechnology. The 

Anti-CD133 magnetic beads were obtained from 

Miltenyi Biotec.  

 
Cell culturing 

The cell lines employed in this study were sourced 

from the American Type Culture Collection. For the 

anaplastic thyroid cancer cell line (ARO-82-1), 

cultivation utilized DMEM F-12. DMEM and RPMI 

1640 media were employed for the culture of 

HEK293T and HLEC cells, respectively. These 

culture media were supplemented with 50 μg/ml 

penicillin/streptomycin, 0.01 U/ml thyroid-

stimulating hormone, 10% fetal bovine serum, 10 

μg/ml insulin, 2 mM L-glutamine, and 250 ng/ml 

fungizone. The cell cultures were maintained at a 

temperature of 37°C with a CO2 concentration of 5%, 

reaching an approximate confluence of 90%. 

 
Plasmids, lentivirus production, transfection and 

infection 
The CD133 cDNA and VEGFR3 cDNA sequences 

were extracted from HEK293T cells and subcloned. 

Full-length CD133, along with truncated mutants, 

were created by PCR amplification of CD133 

cDNAs, followed by their insertion into the 

pRRLSIN.cPPT.PGK vector, along with a StrepII 

tag. To induce targeted mutations, we employed 

overlap extension PCR to convert tyrosine residues 

(Tyr 828, Tyr 852, and Tyr 846) within CD133 to 

phenylalanine, and these modified sequences were 

integrated into the pRRLSIN.cPPT.PGK vector. 

DNA sequencing validated the presence of all 

mutations. To induce CD133 expression, transient 

transfections of ARO-82-1 cells were performed 

using Lipofectamine 2000, and cell harvesting 

occurred 48–72 hours post-transfection. Lentivirus 

production and infection followed established 

protocols. Experimental control utilized pLKO.1-

pure-shLacz, which targeted β-galactosidase. 

Additionally, pLKO.1-pure-shCD133 was employed 

to reduce CD133 mRNA levels. The specific shRNA 

sequences used in the study were as follows:  

- For the control group: shLacz, 5´-

GTGACCAGCGAATACCTGT-3´. 

- For targeting CD133 expression: shCD133, 5´-

GCTCAGAACTTCATCACAA-3´.  

Transfection of cells with siRNA was executed using 

RNAiMAX (Invitrogen), with a scramble siRNA 

sequence of 5′-CUUACGCUGAGU ACUUCGA-3′. 

 
Yeast two-hybrid assay (Y2H) 

Utilizing the Y2H system (Clontech, California, 

USA), we conducted pairwise interactions between 

CD133 (bait) and its partners (preys) found in a 

commercial human fetal brain cDNA library. The 

full-length CD133 and CD133 deletion mutants 

cDNAs were ligated into the pGB vector, and the 

human fetal brain cDNA library was subcloned into 

the pACT2 vector. The assay was performed per the 

standard protocol (Clontech, California, USA). 

 
CD133 protein purification and 

immunoprecipitation 

ARO cells underwent transfection with either CD133 

or truncated mutants of CD133, followed by a 2-hour 

incubation at 4°C in a lysis buffer to facilitate cell 

lysis. The buffer formulation comprised 150 mM 

NaCl, 1 mM NaF, 1 mM Na3VO4, 1 mM EDTA, 1 

mM β-glycerophosphate, a mixture of protease 

inhibitors, 100 mM Tris (pH 8.0), and 0.5% Triton X-

100. Subsequently, centrifugation at 12,000 g for 10 

minutes effectively removed insoluble components. 

The resulting supernatants from the cellular lysates 

were exposed to Strep-Tactin-agarose at a 

temperature of 4°C for 12–16 hours. After this 

incubation, the agarose matrix underwent three 

consecutive washes with the lysis buffer to eliminate 

proteins with non-specific binding tendencies. A 

concentration of 2.5 mM desthiobiotin was employed 

to facilitate the elution of CD133, tagged with StrepII 

and its truncated mutants. Subsequently, the eluted 

substance underwent concentration to attain a final 

volume of 20 µl through the utilization of an 

ultrafiltration tube provided by Millipore. 

 

Western blotting analysis 

Samples or cells obtained were subjected to a series 

of saline solution washes, repeated three times, aimed 

at eliminating residual blood and debris. 

Subsequently, the samples were subjected to lysis in 

a buffer comprising 1% β-mercaptoethanol, 2% 

sodium dodecyl sulfate (SDS), 50 mM Tris-HCl (pH 

6.8), and 1% protease inhibitor mixture. The lysis 

procedure was carried out for 10 minutes at room 

temperature.. Following this, a sonication step lasting 

5 minutes (with 5 seconds of activation followed by 

10 seconds of rest cycles) was performed, followed 

by a centrifugation process at 13,000 rpm for 10 
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minutes. This centrifugation step served to eliminate 

residual tissue debris, with the ensuing supernatants 

being collected for analysis. Western blot analysis 

was executed using established methodologies. The 

primary antibodies were employed at specific 

dilution ratios, namely pCD133-Tyr 852, 1:500; 

pCD133-Tyr 828, 1:500; CD133 (W6B3C1), 1:500; 

StrepII, 1:4000; and GAPDH, 1:5000. 

 
shRNA and siRNA synthesis 

shRNA sequences were acquired through 

https://www.sigmaaldrich.cn/CN/zh/semi-

configurators/shrna?activeLink=productSearch. For 

VEGFR-3, in vitro synthesis of shRNAs was 

performed, and purification was carried out using 

Ambion's Silencer® shRNA construction kits in 

adherence to the provided manuals. This synthesis 

resulted in double-stranded 21-mer shRNAs with 3′ 

terminal uridine dimers, a configuration effective at 

reducing the target mRNA expression upon 

transfection into mammalian cells. A negative 

control, the scrambled shRNA, shared the same 

sequence but lacked homology with any genes. 

shRNAs intended for in vivo use underwent synthesis 

and modifications under the supervision of Shanghai 

GenePharma Co., Ltd. siRNA sequences were 

designed using 

http://www.ambion.com/techlib/misc/siRNA_design.

html, and we performed subsequent BLAST searches 

to exclude non-unique targeting sequences. Control 

and VEGFR3 siRNA molecules were procured from 

PolePolar Biotechnology Co. Ltd. (China). 

 
Immunofluorescence 

Samples were fixed by subjecting them to 4% 

paraformaldehyde for 40 minutes at room 

temperature after collection. After fixation, we 

carried out a series of PBS washes, and subsequent 

blocking was performed using the blocking buffer 

(1xPBS/ 5% normal goat serum/0.3% Triton X-100). 

Samples were incubated with rabbit anti-Src (1:100) 

antibodies overnight at 4°C. In the case of SW620 

cells, incubation was done overnight using mouse 

monoclonal anti-CD133 (1:40) and rabbit anti-Src 

(1:100) antibodies at 4℃. After a series of three PBS 

washes spanning 0.5 hours, HEK293T cells were 

subjected to incubation with donkey anti-rabbit IgG, 

Alexa Fluor 594 (1:800), and streptavidin-Alexa 

Fluor 488 (1:400). For incubation of SW620 cells 

donkey anti-mouse IgG, Alexa Fluor 594 (1:800) and 

donkey anti-rabbit IgG, Alexa Fluor 488 (1:800) 

were used to achieve double immunofluorescence 

staining. The staining process was supplemented with 

a counterstaining of nuclei utilizing Hoechst 33258 

(10 µg/ml). After staining, utilizing a Leica TCS SP5 

confocal microscope, immunofluorescence images 

were acquired, which were subsequently processed 

with the aid of LAS AF software. 

 
Preparation of exosomes 
To obtain CD133-positive exosomes, ARO cells 

underwent enzymatic detachment and were cultured 

as spheroids in serum-free medium containing 

DMEM F12 (Gibco) medium and B27 supplement 

(Gibco) for six days in tissue culture plates, following 

an established method [22]. Upon harvesting, the 

medium's pH stood at 6.7. Conventional microvesicle 

isolation was executed through differential 

centrifugation at 4°C with sequential steps of 300 g 

for 5 minutes, 500 g for 5 minutes, 1,200 g for 20 

minutes, and 10,000 g for 30 minutes, followed by 

final centrifugation at 200,000 g for 60 minutes at 

4°C. Exosomes were isolated using a similar process: 

initial centrifugation at 300 g for 5 minutes, followed 

by 500 g for 5 minutes, then 1,200 g for 20 minutes, 

and 10,000 g for 30 minutes. Subsequently, a 

filtration step was conducted using a 0.22 μm low-

protein binding Millex-GV filter (Millipore). The 

supernatant obtained was subsequently concentrated 

using Amicon Ultracel-100K tubes (Millipore), 

followed by dilution in a 1:1 ratio (v/v) with PBS. The 

diluted solution was subjected to a 90-minute 

incubation at 4°C with anti-IgG microbeads (Miltenyi 

Biotec, Auburn, CA), then passed through LS-columns 

as per the guidelines of the manufacturer. The flow-

through underwent an additional round of 1-hour 

incubation with anti-human prominin-1 beads 

(Miltenyi), followed by passage through LS columns. 

Following the washing steps, the column was detached 

from the magnet, and the prom1-exosomes were eluted 

with 10 ml cold PBS. Following the centrifugation at 

200,000 g and 4°C for 60 minutes, the exosomes were 

resuspended in PBS. To verify CD133 expression, 

nanoparticle tracking analysis was conducted for each 

exosome sample to determine microparticle 

concentration and size distribution. Western blotting 

was performed for further verification. 

Morphological observation of exosomes was 

conducted using a transmission electron microscope 

(TEM). The diluted exosome pellet was applied onto 

copper grids and incubated at room temperature for 

30 minutes. Subsequently, negative staining was 
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accomplished by placing 10 µL of 2% tungsten 

phosphate solution (pH 5.52) onto the copper grids 

for a minute. Following a 15-minute incubation at 

room temperature, the TEM JEM1400 (JEOL Ltd., 

Tokyo, Japan) was utilized to visualize the vesicles, 

capturing images for documentation. 

 
Real time PCR 

The TRIzol method was utilized to extract total RNA, 

followed by reverse transcription and cDNA 

synthesis using the Advantage RT-for-PCR kit 

(Takara). Employing triplicate samples, quantitative 

real-time PCR was performed using SYBR® green 

master mix (Invitrogen). 

 
Molecular docking analysis  

Bioinformatics approaches comprising computational 

3d modeling and docking analyses were performed to 

identify and validate the binding interactions of the 

extracellular domain of CD133 with VEGFR3. The 

protein sequences of extracellular domains of CD133 

(Lys179-Cys433) and VEGFR3 (Tyr25-Glu775) 

were retrieved in FASTA format from UniprotKB 

Knowledgebase (http://www.uniprot.org/). The 3d 

structures of CD133 and VEGFR3 by experimental 

techniques, i.e., X-ray crystallography or Nuclear 

magnetic resonance (NMR), were not reported yet in 

the RCSB protein data bank (PDB) (Rose et al., 2010). 

The protein-protein Basic local alignment search tool 

(BLASTp) (Altschul et al., 1997) was employed 

against PDB to identify the homologs templates whose 

3d structure is already known for homology modeling. 

The absence of significant identity and query coverage 

with homolog templates is directed towards a 

threading-based approach for computational 3D 

modeling. The I-Tasser (Roy et al., 2010) tool was 

implemented to build the 3d structures of CD133 

(Lys179-Cys433) and VEGFR3 (Tyr25-Glu775), 

followed by the structure's assessment through Errat 

(Colovos and Yeates, 1993) and Rampage tool.  

The predicted 3d models of CD133 and VEGFR3 

were used in docking studies to explore the binding 

sites and interacting residues and verify the 

interactions identified through in vitro experiments. 

PatchDock server (Schneidman-Duhovny et al., 2005) 

was employed to identify the binding interactions of 

CD133 and VEGFR3. PatchDock server relies on the 

concept of shape complementarity between flexible 

molecular surfaces to optimize the candidate solution 

(Schneidman-Duhovny et al., 2005).  

The protein-small ligand complex type was selected 

with default clustering of root-mean-square deviation 

(RMSD) 4.0 Å. The PatchDock technique was 

employed to create the Connolly dot surface 

representation of the molecules into distinct 

components, including flat pitches, concave, and 

convex. The transformation candidates generated by 

the aligning of complementary patches require 

substantial refinement by sophisticated tools. 

FireDock is a web-based tool that reorganizes, 

refines, optimizes, and reevaluates the side-chain 

interface of the top 10 candidate solutions. 

Additionally, it also adjusts the orientation of relative 

molecules by limiting their flexibility to the 

interacting surface's side chains and permitting the 

motion of small rigid bodies (Duhovny et al., 2002). 

The top-ranked docked complexes were refined by 

FireDock (Mashiach et al., 2008) server and 

scrutinized the refined docked complexes based on 

global energy. UCSF Chimera (Pettersen et al., 2004) 

visualization tool was employed to visualize and 

analyze the binding regions and interacting residues 

critically. 

 
Statistical analysis 

A two-tailed Student's t-test was conducted for 

statistical analysis with GraphPad Prism 9.0. Statistical 

significance was defined as a p-value less than 0.05. 

 

Results  
 
Inhibition of CD133 expression reduces lymph 

node metastasis of thyroid cancer cells 

To investigate the function of CD133 in thyroid 

carcinoma with lymph node metastasis, we compared 

the CD133 expression in thyroid carcinoma with lymph 

node metastases and non-metastatic specimens. The 

thyroid cancer samples with lymph node metastases 

were found to have high expression of CD133, and 

CD133 could be detected in lymph nodes (Figure 1A). 

Still, the CD133 was undetectable in peritumor tissues, 

thyroid carcinoma or lymph nodes without metastasis. 

Lymphatic endothelial cells’ marker LVVE-1(Green) 

and thyroid cancer cells’ marker CD133 (Red) were 

detected in lymph nodes with thyroid cancer cells 

metastasis, and CD133-expressing cells were found in 

lymph nodes (Figure 1B). 

To gain insight into the effect of CD133 on lymph 

node metastasis of thyroid cancer, the thyroid cancer 

cell line ARO with a green fluorescent protein (GFP) 

expression was used. The shRNAs were used to 

inhibit CD133 expression by lentivirus (Figure 1C).  

http://www.uniprot.org/
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Figure-1. CD133 with high expression facilitates thyroid carcinoma cells metastasis to lymph nodes.  
(A) CD133 expression was detected in thyroid carcinoma samples from excision with or without lymph 

node metastasis by western blotting. (B) LYVE (green) and CD133(red) were detected by 

immunofluorescence in lymph nodes with thyroid carcinoma metastasis. The Hoechst was used to dye all 

cells. The figure is the classical section of tissue samples. C) Thyroid cancer cell lines ARO cells infected 

lentivirus with LacZ or CD133 shRNA. CD133 expression  detected by WB. (D) The schematic diagram is 

designed. First, the ARO cells were stably expressed CD133 shRNA or LacZ shRNA; then, the cell lines 

were infected with lentivirus with GFP by flow cytometry sorting. The ARO cells stably express GFP, 

with sustaining expression of CD133 shRNA or LacZ shRNA, and were injected into the mouse thyroid. 4 

weeks later, the mouse cervical lymph nodes were analyzed with metastatic cells. (E) the slices of cervical 

lymph nodes from the mice in the D model were checked. PARP Ca, peritumoral tissue. Ca, thyroid 

carcinoma. LN, lymph node. GAPDH reduced glyceraldehyde-phosphate dehydrogenase. 
 
The ARO cells with CD133 shRNA1 or LacZ 

shRNA were injected into the mouse thyroid; 4 

weeks later, the GFP-positive cells were observed in 

the cervical lymph nodes, which injected LacZ 

shRNA. Any GFP signals were detected in the same 

site, which the ARO cells infected CD133 shRNA 

(Figure 1D). The results showed that the inhibition of 

CD133 expression reduces ARO cell metastasis to 

lymph nodes (Figure 1E). 

CD133-positive exosomes promote lymphatic 

endothelial cell proliferation and migration 

There is evidence that CD133-positive exosomes 

regulate the tumor microenvironment. Through 

ultracentrifugation of the supernatant of thyroid 

cancer cell line ARO combined with magnetic bead 

screening coupled to CD133 antibody, we obtained 

CD133-positive exosomes, which expressed CD133, 

the exosome marker CD63, and did not express the 
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Golgi marker GM130 (Figure 2Aa), electron 

microscopy showed a vesicle-like structure (Figure 

2Ab), consistent with the characteristics of 

exosomes. Lymphatic endothelial cells HLEC were 

treated with CD133-positive exosomes and found to 

facilitate the migration and proliferation of lymphatic 

endothelial cells (Figure 2B-C, ***p < 0.001). Then, 

we compared the proliferation and migration of 

thyroid cancer supernatant on lymphatic endothelial 

cells before and after CD133 interference. Inhibition 

of CD133 expression partially reduced thyroid 

cancer cell supernatant. The new media was used as 

a negative control to promote the migration and 

proliferation of lymphatic endothelial cells (Figure 

2D-E, ***p < 0.001). Evidence suggests that hypoxia 

can promote the secretion of exosomes by tumor 

cells. CoCl2 was used to simulate the hypoxic 

environment. Also showing that CoCl2 can promote 

the secretion of CD133 (Figure 2F). It is shown that 

inhibiting the expression of CD133 can inhibit the 

migration and proliferation of lymphatic endothelial 

cells by the supernatant of thyroid cancer cells. 
 
CD133 ectodomain interacts with VEGFR3 

To search for extracellular interacting molecules of 

CD133, we used each extracellular region of CD133 

(aa20-108; aa179-433; aa508-792) as bait (Figure 

3A), and carried out a fetal brain library containing 

2.8×108 clones. After hybridization, CD133 (179-

433) and VEGFR3 extracellular region (aa50-200) 

interacted by sequencing (Figure 3B).

 

 
Figure-2. CD133-positive exosomes promote HELC proliferation and migration.CD133-positive 

exosomes expressing CD133, the exosome marker CD63, but not expressing the Golgi protein GM130 

(Aa), Electron microscopy showed a typical exosome vesicle-like structure (Ab). Lymphatic endothelial 

cells HELC treated with CD133-positive exosomes show lymphatic endothelial cells' migration and 

proliferation (B-C). Inhibition of CD133 expression in ARO cells. Inhibition of CD133 expression 

partially reduced thyroid cancer cell supernatant. The new media was used as a negative control to 

promote the proliferation and migration of lymphatic endothelial cells (D-E). Hypoxia was shown to 

promote the secretion of exosomes by tumor cells and increased secretion of CD133 (F). 
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In vitro experiments confirmed the direct interaction 

between VEGFR3(Tyr25-Ile776; extracellular 

domain)-His protein and CD133(179-433) protein in 

vitro (Figure 3C). Since tumor cells can secrete 

CD133-containing vesicles, VEGFR3 is expressed in 

human lymphatic endothelial cells. 

Immunoprecipitation experiments confirmed the 

interaction between CD133 (179-433) and human 

lymphatic endothelial cell HLEC VEGFR3 (Figure 

3D). It is suggested that CD133 (179-433) and 

VEGFR3 interact directly. 
We found that CD133 (179-433) protein treatment of 

lymphatic endothelial cells can facilitate the 

migration and proliferation of these cells (Figure 4A-

C, ***p < 0.001). To further confirm that CD133 

promotes the migration and proliferation of 

lymphatic endothelial cells through VEGFR3, we 

constructed an interference plasmid targeting 

VEGFR3 (Figure 4D). Inhibition of VEGFR3 

expression reduced CD133 (179-433) protein and 

promoted the migration and proliferation of these 

cells (Figure 4E-F, ***p < 0.001). So, it is concluded 

that CD133 promotes the migration and proliferation 

of lymphatic endothelial cells through interacting 

with VEGFR3. 

 

 
Figure-3. CD133 interacting with VEGFR3 by extracellular domain. The schematic diagram of CD133 in 

cytomembrane. The extracellular region of CD133 (aa20-108; aa179-433; aa508-792) as bait carrying out 

a fetal brain library (A). CD133 (179-433) and VEGFR3 extracellular region (aa50-200) interaction by 

sequencing (B). Direct interaction of VEGFR3 (Tyr25-Ile776; extracellular domain)-His and CD133 (179-

433) in vitro (C). Interaction between CD133 (179-433) and VEGFR3 in human lymphatic endothelial cell 

HLEC is shown by Co-IP (D). 
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Figure-4. CD133 promotes HELC proliferation and migration by extracellular domain interaction with 

VEGFR3. The truncated CD133 (179-433) protein treatment of lymphatic endothelial cells HLEC 

showing the proliferation and migration of lymphatic endothelial cells were increased. The VEGF-C was 

used as a positive control (A-C). CD133 promotes the proliferation and migration of lymphatic 

endothelial cells through VEGFR3, also showing a constructed interference plasmid targeting VEGFR3 

(D-F). 

 

 
Figure-5. The 3D structure of CD133 was predicted by a threading-based I-Tasser tool. Alpha helices are 

represented with different colors, and the amino acid length of each helix is also mentioned. 

 
Molecular docking analysis 

The short amino acid sequences of extracellular 

domain CD133 (Lys179-Cys433) and VEGFR3 

(Tyr25-Glu775) were retrieved from the UniProtKB 

with the accession number of A0A0A0N0M1 and 

P35916, respectively. The protein sequences were 

subjected to BLASTp to identify suitable templates 

for comparative modeling, but the templates didn’t 

show significant query coverage and sequence 

identity. The threading-based I-Tasser tool was used 

to predict the 3d models of CD133 and VEGFR3 that 

build the model based on secondary structure 

enhanced profile threading alignments. The top 

predicted model of CD133, having a higher 
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confidence score, i.e., -2.52, and VEGFR3 with a -

1.75 score, was selected for further structure 

assessment by the Errat tool. The ERRAT tool 

calculates the nonbonded atomic interactions and 

evaluates the 3d model by overall quality factor. The 

overall quality factor of CD133 is 71.25 (Figure S1), 

while the VEGFR3 model has 72.64 (Figure S2), 

which represents the model's reliability and can be 

applied in further analyses. The 3d structures of 

CD133 and VEGFR3 are represented in Figure 5, in 

which secondary structure elements are presented 

with different colors. 

Patchdock server is a molecular docking algorithm 

based on shape complementary principles and was 

employed in the current study to identify the binding 

interactions of CD133 with VEGFR3. The top 10 

docked solutions based on atomic contact energy 

(ACE) score and geometric shape complementary 

score were selected, and further, rescoring and 

refinement by the Firedock tool were executed. The 

refinement and rescoring of the docking solution 

yielded the top docked solution with a global energy 

of 9.73, an ACE score of 0.40, and an attractive Vdw 

-0.41. The CD133-VEGFR3 docked complex was 

visualized and analyzed by UCSF Chimera and 

represented in Figure 6. 

 

 
Figure-6. 3D structure of VEGFR3 predicted by threading-based I-Tasser tool. 
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Figure-7. Binding interactions of VEGFR3 -CD133 proteins. The CD133 structure is presented in red, 

while VEGFR3 is in blue. The binding region is highlighted in A, while the detailed binding interactions 

are shown in B. 

 

It has been identified that CD133 has potentially 

interacted with the VEGFR3 active site; detailed 

interactions are presented in Figure 7.  

The residue ranges (N61-K80) (N160-D207) of 

CD133 were involved in the binding interactions with 

V311-V361, L584-H590, and H626-R636 of the 

VEGFR3 model. Detailed Bioinformatics analyses 

have concluded that there is a potential direct 

interaction of CD133 with the VEGFR3 model. 

 

Discussion 
 
Here, we used thyroid cancer cell models and human 

thyroid cancer specimens to elucidate the mechanism 

and regulatory factors of the interaction between 

CD133 and VEGFR3 and their roles in thyroid 

cancer lymph node metastasis to provide us with a 

more in-depth and comprehensive understanding of 

thyroid cancer lymph node metastasis. 

At present, there is no significant molecular 

classification of thyroid cancer has been documented 

for clinical diagnosis and treatment. But, the pivotal 

role of the VEGF/VEGFR axis in cancer therapy, 

especially in promoting angiogenesis and vascular 

permeability, underscores its critical function across 

various solid tumors. This axis has been extensively 

targeted in therapeutic strategies (Patel et al., 2023), 

highlighting the potential for CD133/VEGFR 

interactions as a novel approach in thyroid cancer as 

well. Furthermore, research on dual-target inhibitors 

that include VEGFR2 demonstrates the effectiveness 

of such approaches in blocking angiogenesis and 

lymphangiogenesis, suggesting that targeting these 

pathways could provide significant clinical benefits 

(Liu et al., 2022). This approach aligns with the need 

for novel therapeutic strategies in thyroid cancer, 

where angiogenesis plays a crucial role in tumor 

growth and metastasis.  

Research highlights the significant role of VEGF and 

its family members in the promotion of lymphatic 

metastasis. VEGF-induced vasculatures facilitate the 

dissemination of cancer cells, enhancing metastatic 

potential within lymph nodes, which aligns with your 

findings on CD133 and VEGFR3 interactions (Zhan 

et al., 2022). As stated earlier, our previous 

unpublished results found that CD133-positive 

exosomes derived from thyroid cancer cells 

facilitated the migration and proliferation of 

lymphatic endothelial cells by interacting with the 

extracellular domain of VEGFR3, which we also 

proved through bioinformatics analysis. So, in this 

study, we showed that thyroid cancer cells could 

secrete CD133-expressing exosomes, and the CD133 

molecules on the surface of exosomes interact with 

VEGFR3 on the surface of lymphatic endothelial 

cells to activate the VEGFR3 signaling pathway, 

thereby promoting the formation of lymphatic vessels 

and helping Scientific hypothesis of lymph node 

metastasis of thyroid cancer cells. 

Additionally, the complex role of CD133 in various 

cancer types, particularly its implication in tumor 

growth, progression, and resistance to therapies 

(Pospieszna et al., 2023), provides a compelling 

argument for its study in thyroid cancer. CD133 is 

increasingly recognized not just as a marker but as an 

active participant in the cancer stem cell dynamics 

that contribute to cancer heterogeneity and therapy 

resistance, which are critical areas for developing 

more effective cancer treatments. 

 Numerous cancer forms, including melanoma 

(Monzani et al., 2007), colon cancer (O’Brien et al., 

2007; Ricci-Vitiani et al., 2007), and brain tumors 

(Singh et al., 2004), have been linked to CD133, 

which has been identified as a marker of Cancer stem 
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cells (CSCs). According to previous studies on the 

correlation between CD133 and thyroid cancer, 

KAT-4 and ARO human cell lines contain 

subpopulations of CD133+ cells that demonstrate 

stem cell-like characteristics like rapid proliferation, 

the capacity for self-renewal and the formation of 

colonies, as well as increased resistance to 

chemotherapy-induced apoptosis in vitro (Zito et al., 

2008). Studies have shown that CD133+ cells in 

Anaplastic Thyroid Cancer (ATC) exhibit stem cell-

like properties such as rapid proliferation, self-

renewal, and resistance to chemotherapy. These cells 

are instrumental in initiating tumor growth 

in immunodeficient mice. These cells are also 

associated with undifferentiated and aggressive forms 

of thyroid cancer, highlighting their potential as a 

target for therapy and diagnosis (Friedman et al., 

2009). The role of thyroid tumors with CD133+ cells, 

including those with well-differentiated thyroid 

cancer (WDTC), as the primary source of cells 

surviving therapy and their potential contribution to 

disease recurrence or metastasis remains unclear. 

Many studies have found exosomes to have a key 

role in the formation and metastasis of thyroid 

cancer, in addition to clinical diagnosis and therapy. 

Intercellular communication via exosomes is 

important in cancer development (Tai et al., 2019). 

Exosomes are actively produced, released, and 

utilized by tumor cells to facilitate tumor 

development (Whiteside, 2016). 

Here, we focused on the mechanism, function, and 

regulatory factors of the interaction between CD133 

and VEGFR3. 
 

Conclusion 
 
In conclusion, we addressed the key scientific 

question, "The function and mechanism of CD133 in 

lymph node metastasis of thyroid cancer". Because 

thyroid cancer often spreads to lymph nodes, 

accurately identifying the cancer stage is crucial for 

choosing the right treatment. Understanding the key 

factors that affect the prognosis is also very 

important. 

Based on our findings, exomes promote lymph node 

metastasis by CD133 interaction with VEGFR3 in 

thyroid cancer cells. 
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