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Abstract 

Bone morphogenetic proteins (BMPs) are growth factors that have important functions in cell 
proliferation, migration and differentiation. To date, BMP pathway activation has been found in 
multiple human tumors and is associated with enhanced malignant tumor growth and metastasis. 
BMP activity is tightly regulated by a family of soluble extracellular secreted BMP modulators. 
Twisted gastrulation BMP signaling modulator 1 (TWSG1) is a direct BMP regulator that is 
required for the full signaling activity of BMPs. However, the functions and mechanisms of TWSG1 
in papillary thyroid cancer (PTC) metastasis have not been reported. TWSG1 expression was 
detected in 44 PTC tissues with lymph node metastasis (LNM) and 56 PTC tissues without LNM 
using quantitative real-time polymerase chain reaction (qRT-PCR). Gain- and loss-of-function 
approaches were used to assess the biological function of TWSG1 in PTC cells. Matrigel assays 
demonstrated the effect of tumor cell-derived TWSG1 on endothelial cell function. Our results 
showed that TWSG1 expression was significantly enhanced in PTC with LNM compared to that in 
PTC without LNM. TWSG1 knockdown inhibited migration, invasion and proliferation of PTC 
cells. Additionally, TWSG1 suppression impaired the tumor cell-induced endothelial cell sprout 
formation. We found that TWSG1 signaling may be transduced by the BMP target transcription 
factor inhibitor of DNA binding 1 (Id1) and matrix metalloproteinases (MMPs) 2 and 9. In 
conclusion, TWSG1 was highly expressed in metastasized PTC; tumor growth, migration and 
invasion were dependent on TWSG1, and it may be a new diagnostic and therapeutic target for 
PTC. 
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Introduction 
The incidence of thyroid cancer has increased in 

the past decades, and papillary thyroid cancer (PTC) 
accounts for the largest proportion of these cases [1]. 
PTC is the most common histotype of thyroid cancer 
and is the fifth leading malignancy found in women 
[2, 3]. The prevalence of lymph node metastasis 
(LNM) is high in PTC and has a 30-90% rate with both 
clinically evident and occult lymph node involvement 

[4]. Nodal relapse is a major problem in PTC [5]. 
Effective assessment of LNM in PTC before surgery 
would directly contribute to appropriate surgical 
dissection of cervical lymph nodes, which reduces the 
rate of relapse [6, 7] and increases the quality of life. 
Thus, the identification of biomarkers correlated with 
tumorigenesis and progression would be useful for 
preoperative assessment of LNM in PTC.  
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The transforming growth factor-beta (TGF-β) 
family has been intensively investigated and has been 
shown to promote malignant cell behavior [8]. Bone 
morphogenetic proteins (BMPs), one of the TGF-β 
subfamilies, are dysregulated in a variety of tumor 
types, including lung adenocarcinoma [9], breast 
cancer [10], colon cancer [11], musculoskeletal cancer 
[12], and glioma [13]. Generally, BMPs can either 
suppress or promote tumorigenesis and metastasis 
[14]. Hu et al. [15] reported that BMP-6 inhibited the 
migration and invasion of MDA-MB-231 breast cancer 
cells by regulating MMP secretion in the tumor 
microenvironment, while in another study, BMP-4 
was overexpressed in colonic adenocarcinomas and 
promoted migration and invasion of HCT116 cells 
[16]. 

Twisted gastrulation (TWSG1) is a BMP 
modulator that synergistically interacts with chordin 
or chordin-like molecules to regulate BMP activity [17, 
18], which is controlled at many levels. Whether 
TWSG1 acts as an agonist or antagonist is still 
unknown. Moreover, there are limited reports of the 
role of TWSG1 in cancer. Our study was carried out to 
characterize the expression and function of TWSG1 in 
PTC and analyze the value of TWSG1 as a clinical 
biomarker for PTC LNM. The present study also helps 
elucidate the mechanisms of PTC metastasis. 

Materials and Methods 
Sample collection 

A total of 100 PTC patients who underwent near 
total or total thyroidectomy with prophylactic or 
radical lymph node dissection in Rui Jin Hospital 
from Sept. 10th, 2015 - Feb. 10th, 2016 were included 
in this study. Fresh tissues were instantly frozen in 
liquid nitrogen and incubated at -80°C. The cases 
were all pathologically confirmed as PTC with or 
without cervical LNM and those with extrathyroid 
extension were excluded. The study was approved by 
the research ethics committee of Rui Jin Hospital 
Shanghai Jiao Tong University School of Medicine. 
Informed consent was acquired from all patients. 

Cell culture 
K1 and TPC1 cell lines were selected for the 

study. K1 was used for the loss-of-function 
experiments, and TPC1 was used for the 
gain-of-function experiments. K1 is a 
well-differentiated PTC cell line with metastasis, 
while TPC1 is a PTC cell line without metastasis [19]. 
The two PTC cell lines were acquired from the Key 
Laboratory for Endocrine and Metabolic Diseases of 
the Chinese Health Ministry (Shanghai, China). K1 
was cultured in DMEM (Gibco, Carlsbad, CA, USA), 
MCDB (Sigma, Saint Louis, Missouri, USA), and F12 

(Gibco) (2:1:1) supplemented with 10% FBS (Gibco), 
100 U/ml penicillin, and 100 μg/ml streptomycin. 
TPC1 was cultured in RPMI 1640 medium with 
HEPES (Gibco) supplemented with 10% FBS (Gibco, 
Carlsbad, CA, USA), 100 U/ml penicillin, and 100 
μg/ml streptomycin. Cell lines were incubated at 
37°C in a 5% CO2 humidified atmosphere. 

RNA extraction and qRT-PCR (quantitative 
reverse transcriptase-polymerase chain 
reaction) 

Total RNA was extracted from the tumor tissues 
and cell lines using TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer’s 
protocol. One microgram of total RNA was reverse 
transcribed into first-strand cDNA according to the 
protocol of the Reverse Transcription Kit (TaKaRa, 
Dalian, China). PCR was carried out using a SYBR® 
Premix Ex TaqTM II Kit (TaKaRa, Dalian, China) 
according to the instructions of the VIIA7 system 
(Applied Biosystems, California, USA). All 
amplifications were normalized to GAPDH. Data 
were analyzed using the comparative Ct (2-△△Ct) 
method and expressed as fold change compared to the 
negative control. Each sample was analyzed in 
triplicate. Gene primers are listed in Table 1. 

 

Table 1. Sequence of primers used for qRT-PCR 

Gene  Sequence (5ˈ-3ˈ) 
TWSG1 Forward Primer GCTGTGCTTACTCTAGCCATC 
 Reverse1 Primer TGAGGCATTTGCTCACATCAC 
MMP1 Forward Primer AAAATTACACGCCAGATTTGCC 
 Reverse Primer GGTGTGACATTACTCCAGAGTTG 
MMP2 Forward Primer CCCACTGCGGTTTTCTCGAAT 
 Reverse Primer CAAAGGGGTATCCATCGCCAT 
MMP9 Forward Primer AGACCTGGGCAGATTCCAAAC 
 Reverse Primer CGGCAAGTCTTCCGAGTAGT 
MMP13 Forward Primer ACTGAGAGGCTCCGAGAAATG 
 Reverse Primer GAACCCCGCATCTTGGCTT 
ID1 Forward Primer CTGCTCTACGACATGAACGG 
 Reverse Primer GAAGGTCCCTGATGTAGTCGAT 
GAPDH Forward Primer AAGGTGAAGGTCGGAGTCAAC 
 Reverse Primer GGGGTCATTGATGGCAACAATA 

 

Immunohistochemistry 
The TWSG1 expression in papillary thyroid 

cancers was measured by immunochemistry. 
Papillary thyroid cancer tissues were fixed by 4% 
phosphate-buffered paraformaldehyde for 24 hours. 
The specimens were embedded in paraffin and 
sectioned into 5-μm thick sections. Papillary thyroid 
sections were deparaffinized and incubated in 0.05% 
trypsin at 37℃ for 30 min, which was followed by 
peroxidase blocking to retrieve antigens and 
incubation with TWSG1 primary antibody (1:200, 
Abcam, ab57552) at 4℃ overnight. The sections were 
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then incubated with HRP-secondary antibody 
(Fuzhou Maixin Biotech. Co., Ltd, MaxvisionTM2 
HRP-Polymer anti-Mouse IHC Kit, KIT-5902) at 37 ℃ 
for 2 hours and detected using a DAB Kit (Fuzhou 
Maixin Biotech. Co. Ltd, DAB Kit, DAB-0031). Then, 
the slides were mounted with neutral resin and 
coverslipped. After staining, the sections were 
observed under light microscopy (Zeiss, Axio Imager 
A2). TWSG1 expression was semiquantitatively 
evaluated in representative tumor area. The staining 
intensity was defined as: negative-0, moderate-1, 
strong-2; the staining percentage was scored as: 0%-0, 
1~25%-1,26~50%-2, 51~75%-3, 76~100%-4. The scores 
of intensity and percentage were multiplied to get a 
final score of 0 to 8. The total expression of TWSG1 
was determined as: negative, low expression 
(score<4), high expression (score≥4). 

Immunofluorescence 
Cells were cultured in 35 mm cell culture dishes 

(NEST Biotech, Wuxi, China) for 12h, then fixed with 
4% PFA in PBS for 20 min at room temperature. After 
washing in PBS, cells were permeabilized with 0.5% 
Triton X-100 for 5 min and blocked with 5% BSA for 
60 min. Incubation with primary anti-TWSG1 
antibodies (1:200, Abcam, Cambridge, MA, USA) was 
performed overnight at 4°C. The primary antibodies 
were detected using PE-conjugated anti-mouse IgG 
secondary antibodies. After the final wash, the nuclei 
were counterstained by adding a 2 mg/mL solution of 
4ˈ, 6-diamidino-2-phenylindole (DAPI; 
Sigma–Aldrich, St. Louis, MO, USA) in PBS for 10 min 
before imaging. Cells were visualized using a confocal 
microscope (Leica, Solms, Germany). 

RNA interference 
TWSG1-specific siRNA1 and siRNA2 and a 

scramble negative control siRNA (ScrsiRNA) were 
purchased from GenePharma Co., Ltd. (Shanghai, 
China). The sequences were as follows: 
TWSG1-siRNA1, sense, 5ˈ-CAUGUGUACUGUGGU
UUAUTT-3ˈ, antisense, 5ˈ-AUAAACCACAGUACAC
AUGTT-3ˈ; TWSG1-siRNA2, sense, 5ˈ-GUGCAUUGG
UCCAGAAUGUTT-3ˈ, antisense, 5ˈ-ACAUUCUGGA
CCAAUGCACTT-3ˈ; ScrsiRNA, sense, 5ˈ-UUCUCCG
AACGUGUCACGUTT-3ˈ, antisense, 5ˈ-ACGUGACA
CGUUCGGAGAATT-3ˈ. For knockdown experi-
ments, K1 cells were transfected with 100 nM 
TWSG1-specific siRNA or scrsiRNA using 
LipofectamineTM 2000 (Thermo Fisher Scientific, 
Waltham, MA, USA) according to the manufacturer’s 
instruction. The mRNA and protein levels of TWSG1 
were detected by qRT-PCR and western blot analysis, 
respectively. 

Lentiviral transduction overexpression studies 
The TWSG1 gene was ligated into 

pLVX-IRES-puro to generate the TWSG1 
overexpression plasmid. The pLVX-IRES-puro and 
pRUF-IRES-puro-TWSG1 constructs were transfected 
into the HEK293T viral packaging cell line together 
with the psPAX2 and pMD2.G plasmids. Forty-eight 
hours after transfection, the viral supernatant was 
collected and used for the infection of cells. 

Western blot analysis 
Protein lysate was acquired from collected cells 

with RIPA buffer, and the supernatant was collected 
after a 30 min reaction on ice and a 15 min 
centrifugation at 13,000 rpm 48h after transfection. 
The protein concentration was determined using a 
BCA Protein Assay Kit (Pierce, Illinois, USA). Ten 
micrograms of protein from each condition was 
subjected to 8% SDS-PAGE and subsequently 
transferred to a polyvinylidene difluoride membrane, 
which was then blocked with 5% BSA in TBST (TBS 
containing 0.1% Tween-20) at room temperature for 
one hour. Incubation was conducted with primary 
antibodies at 4°C overnight followed by secondary 
antibodies at room temperature for one hour. The 
membranes were washed 3 times with washing buffer 
(PBS containing 0.1% Tween) for 10 min after each 
incubation. Images were then captured using a 
LI-COR Odyssey Scanner. Primary antibodies 
recognizing human TWSG1, MMP2, MMP9, ID1 
mouse mAb (1:1000, Abcam, Cambridge, MA, USA) 
and GAPDH rabbit mAb (1:2000, Cell Signaling 
Technology, Danvers, MA, USA) as well as Smad1/5, 
p-Smad1/5 and goat pAb (1:500, Santa Cruz, Dallas, 
Texas, USA) antibodies were used. 

CCK-8 assay 
K1 and TPC1 cells were seeded into 96-well 

plates at a density of 1X104 cells/well 48h after 
transfection. Cell viability was evaluated using a cell 
counting kit-8 (CCK-8; Dojindo Molecular 
Technologies, Japan) at 12 h, 24 h, 36 h, 48 h and 72 h. 
The absorbance was determined by a TECAN infinite 
M200 plate reader at 450 nm. 

Colony formation assay 
K1 and TPC1 cells were seeded in 6-well plates at 

a density of 500 cells/well 48h after transfection and 
then cultured at 37°C in a 5% CO2 humidified 
atmosphere. The medium was changed every the 
other day. After 7 days of culture, the medium was 
removed, and the cells were washed twice with PBS. 
Then, cells were fixed in methanol for 20 min, stained 
with 1% crystal violet for 30 min at room temperature, 
washed again and photographed. 
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Flow cytometry assay 
K1 and TPC1 cells were collected for cell cycle 

analysis 48h after transfection. Cells were fixed in 75% 
ethanol at 4°C overnight and then stained using a Cell 
Cycle Analysis Kit (Beyotime Biotechnology, Jiangsu, 
China) according to the manufacturer’s instructions. 
The cell cycle was analyzed by Gallios Flow 
Cytometry (Beckman Coulter, Brea, CA, USA). All 
experiments were performed independently in 
triplicate. 

Scratch assay 
Cells were plated in each well of 6-well plates 

and incubated until they reached 100% confluence. 
Then, a scratch was made with pipette tips. Fresh 
serum-free medium was added. The wound healing 
procedure was observed for 24 h, and images were 
taken. 

Transwell assay 
Transwell chambers with 8 μm pores (Costar, 

Corning, NY, USA) were used to perform migration 
and invasion assays. Matrigel (BD Biosciences, New 
Jersey, USA) was coated on the top of the insert 
membrane in the invasion assay. The upper chamber 
was filled with 200 μl serum-free medium, and 1×104 
cells were seeded, while 600 μl medium with 5% FBS 
was added to the lower chamber. The chambers were 
maintained at 37°C in 5% CO2 for 24h. Then, the 
nonmigrated or noninvaded cells on the top side of 
the insert membrane were removed by cotton swabs. 
The inserts were then fixed in methanol for 20 min 
and stained with 1% crystal violet for 30 min. The 
migrated or invaded cells on the bottom of the 
membrane were assessed using a microscope and 
photographed. All experiments were performed in 
triplicate. 

Matrigel sprouting assay 
The culture plates were coated with Matrigel 

(BD Biosciences) according to the manufacturer’s 
instruction. Human umbilical vein endothelial cells 
(HUVECs) were pretreated within 1% FBS/DMEM 
for 16 to 18h. A total of 3×104 cells were cultured on 
Matrigel for 4h at 37°C with different cell culture 
supernatants and recombinant TWSG1 (rTWSG1) 
(abcam, Cambridge, MA, USA) respectively. Pictures 
were taken from 5 random microscopic fields. The 
cumulative sprout length and the number of branch 
points were quantified. 

Statistical analysis and quantification 
The statistical analysis was performed using 

Statistical Program for Social Sciences 19.0 software 
(SPSS, Chicago, IL, USA) and GraphPad Prism 5.0 

(GraphPad Software, La Jolla, CA, USA). Data were 
presented as the mean ± S.D., and comparisons were 
performed using Student’s t-test (two-sided, 
unpaired). All experiments were repeated at least 
three times. Correlation analysis was performed by 
Pearson’s chi-square (X2) test. The diagnostic value of 
TWSG1 was evaluated by receiver-operating 
characteristic (ROC) analysis and area under the 
curve (AUC) value. P<0.05 was considered 
statistically significant. 

Result 
Patient clinicopathological characteristics 

As shown in Table 2, a total of 100 patients were 
included in our study. They were classified into two 
groups (LNM group, n=44; non-LNM group, n=56) 
based on whether the patient had lymph node 
metastasis. The distributions of sex, age and 
multifocality in the two groups were comparable 
(P>0.05). Based on the AJCC (American Joint 
Committee on Cancer) TNM (tumor-node-metastasis) 
staging system (7th edition), the tumors were all 
classified as pT1, and there were no patients with 
distant metastasis. In the LNM group, 63.6% of the 
patients were classified as N1a and 36.4% were N1b. 
Patients with LNM were more likely to be classified in 
the advanced stage (III/IV) groups (54.5%), while 
those without LNM were belonged to the early stage 
(I/II) group (P<0.000).  

 

Table 2. Patient clinicopathological characteristics 

Clinicopathological 
characteristics 

LNM (n=44) Non-LNM (n=56) P value 

Sex   0.650 
Male 12 (27.3%) 13 (23.2%)  
Female 32 (72.7%) 43 (76.8%)  
Age (mean±SD) 45.90±11.52 47.24±12.16 0.688 
＜45y 20 (45.5%) 23 (41.1%)  
≥45y 24 (54.5%) 33 (58.9%)  
Multifocality   0.179 
Unifocal 29 (65.9%) 44 (78.6%)  
Multifocal 15 (34.1%) 12 (21.4%)  
Tumor (T)   0.000 
T1a 20 (45.5%) 47 (83.9%)  
T1b 24 (54.5%) 9 (16.1%)  
Lymph node (N)   / 
N0 0 (0.0%) 56 (100.0%)  
N1a 28 (63.6%) 0 (0.0%)  
N1b 16 (36.4%) 0 (0.0%)  
Metastasis (M)    
M0 44 (100%) 56 (100%) 1.000 
pTNM stage    
Early (I/II) 20 (45.5%) 56 (100.0%) 0.000 
Advanced (III/IV) 24 (54.5%) 0 (0.0%)  
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TWSG1 is highly expressed in metastasized 
PTC 

TWSG1 levels were analyzed in both tumor 
tissues and PTC cell lines (TPC1 and K1). The 
qRT-PCR analysis showed that TWSG1 was 
significantly overexpressed in PTC with LNM as well 
as in the K1 cell line that shows metastatic properties 
(Fig. 1A, C). Immunohistochemistry showed that the 
staining was low in nonLNM of PTC, while it was 
high in LNM of PTC, indicating that TWSG1 protein 
expression was higher in metastasized PTC (Fig. 1B). 
Western blot analysis also indicated that the protein 
level of TWSG1 was higher in K1, which was a 
well-differentiated PTC cell line with metastasis (Fig. 
1D). Furthermore, the expression of TWSG1 was 
confirmed in PTC cell lines by immunofluorescence 
analysis, which showed that the fluorescence signal in 
K1 cells was much higher than that in TPC1 cells (Fig. 
1E). These results indicate that TWSG1 was involved 
in LNM of PTC and invasion of PTC cells. 

TWSG1 overexpression is associated with 
LNM of PTC 

 TWSG1 was confirmed to be overexpressed in 
metastatic PTC. We further analyzed the correlation 
of TWSG1 expression and clinicopathological 
characteristics of all patients. The relative expression 
of TWSG1 was constructed on a ROC curve. The 
cutoff value (△Ct=3.60) of TWSG1 expression was 
calculated by ROC curve analysis. At the cutoff point 
of 3.60, the AUC meets the maximum indicating the 
best diagnostic accuracy of TWSG1 differentiating 
LNM of PTC. According to the cut off expression level 
of TWSG1 in all PTC samples, patients were 
categorized into the low-expression group (n=49, 
△Ct>3.60) and the high-expression group (n=51, 
△Ct<3.60). As shown in Table 3, TWSG1 
overexpression was associated with LNM (N0 vs. 
N1a/N1b, P<0.000) and pTNM stage (I/II vs. III/IV, 
P<0.000). However, there were no significant 
associations between TWSG1 expression and sex 
(P=0.546), age (P=0.569), multifocality (P=0.549) and 
tumor size (P=0.091). 

 

 
Figure 1. TWSG1 is highly expressed in metastasized papillary thyroid cancer. qRT-PCR analysis of the expression levels of TWSG1 in PTC tissues 
(non-lymph node metastasis (non-LNM), n=56; lymph node metastasis (LNM), n=44) (A) and PTC cell lines (TPC1 and K1) (C). The values were normalized to 
GAPDH mRNA expression. Data were expressed as the mean ± S.D. of three independent experiments. ** indicates P<0.01. (B) Representative images of 
immunohistochemistry analysis of TWSG1 in non-metastasized and metastasized PTCs. The scale bar is 100 μm. (D) Western blot analyses of TWSG1 in TPC1 and 
K1 cells. GAPDH was used as a loading control. Representative images of three repeated experiments were shown. (E) Representative images of 
immunofluorescence analyses of TWSG1 in TPC1 and K1 cells. The scale bar is 20 μm. 
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Table 3. Correlations between TWSG1 expression and 
clinicopathological characteristics in PTC 

Clinicopathological 
characteristics 

n High 
expression 

Low 
expression 

P value 

Sex    0.546 
Male 25 13 (25.5%) 12 (24.5%)  
Female 75 38 (74.5%) 37 (75.5%)  
Age     
＜45y 43 22 (43.1%) 21 (42.9%) 0.569 
≥45y 57 29 (56.9%) 28 (57.1%)  
Multifocality    0.549 
Unifocal 73 37 (72.5%) 36 (73.5%)  
Multifocal 27 14 (27.5%) 13 (26.5%)  
Tumor (T)    0.091 
T1a 67 30 (58.8%) 37 (75.5%)  
T1b 33 21 (41.2%) 12 (24.5%)  
Lymph node (N)    0.000 
N0 56 15 (29.4%) 41 (83.7%)  
N1a/N1b 44 36 (70.6%) 8 (16.3%)  
Metastasis (M)    / 
M0 100 (100%) / /  
pTNM stage    0.000 
Early (I/II) 76 31 (60.8%) 45 (91.8%)  
Advanced (III/IV) 24 20 (39.2%) 4 (8.2%)  

 

The value of TWSG1 in identifying LNM of 
PTC 

The value of TWSG1 in identifying PTC patients 
with LNM was analyzed. The relative mRNA 
expression of TWSG1 was assessed using a ROC 
curve. The AUC for TWSG1 was 0.762 (95% 
confidence interval (CI) = 0.668-0.857; P < 0.01, Fig. 2). 
Overexpression of TWSG1 showed a sensitivity of 
84.1% and a specificity of 73.2% with a diagnostic 
accuracy of 78.0% (Table 4). 

 

Table 4. Performance of TWSG1 in identifying LNM of PTC 

 Sensitivity  Specificity  NPV PPV Accuracy 
TWSG1 84.1% 73.2% 85.4% 71.2% 78.0% 
NPV=negative predictive value; PPV=positive predictive value 

 

TWSG1 knockdown suppresses the migration 
and invasion of PTC cells 

We next investigated the functional role of 
TWSG1 in the migration and invasion of PTC cells. 
We knocked down TWSG1 in K1 cells with two 
different TWSG1-specific siRNAs, both of which 
resulted in efficient depletion of TWSG1 in K1 cells as 
confirmed by qRT-PCR and western blot analyses 
(Fig. S1A, B). In scratch assays, the distance of the 
scratch wound in the TWSG1 siRNA group was 
significantly larger than that in the ScrsiRNA group 
(Fig. 3A). In transwell migration assays, the number of 
cells migrating through the chamber in the TWSG1 
siRNA group was significantly less than that in the 
ScrsiRNA group (Fig. 3B, D). Similar results were also 

found in the matrigel invasion assay (Fig. 3C, E). 
Conversely, we overexpressed TWSG1 in TPC1 cells 
(Fig. S1C, D) and found that TWSG1 promoted 
migration of TPC1 cells, which was confirmed by 
scratch (Fig. S2A) and transwell (Fig. S2B, D) assays. 
Meanwhile, the stimulatory effect of TWSG1 on TPC1 
cell invasion was confirmed by transwell assays (Fig. 
S2C, E). These results indicated that downregulation 
of TWSG1 suppresses migration and invasion of PTC 
cells. 

 

 
Figure 2. Potential diagnostic value of TWSG1. The ROC curve of 
TWSG1 identifies the presence of LNM in PTC in terms of sensitivity and 
specificity. AUC: 0.762 (0.668-0.857), P<0.01. 

 

Tumor cell-derived TWSG1 regulates 
endothelial cell function 

This study showed that TWSG1 regulates 
important tumor cell functions and subsequently 
investigated the effect of tumor cell-derived TWSG1 
and commercial rTWSG1 on the surrounding 
endothelial cells. The abilities of human umbilical 
vein endothelial cells (HUVECs) to form sprouts and 
branches were analyzed. Sprouting length of 
HUVECs was reduced when HUVECs were 
incubated with conditioned media from 
TWSG1-knockdown tumor cells compared with the 
control group (Fig. 4A, B). Similarly, branch points 
were significantly inhibited when HUVECs were 
incubated with TWSG1-depleted media compared 
with the control (Fig. 4A, C). Furthermore, we 
investigated the expression of a panel of angiogenic 
factors in the tumor cell culture supernatant in the 
absence of TWSG1 and showed that vascular 
endothelial growth factor (VEGF) was significantly 
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decreased, while endostatin, PAI-1 and 
thrombospondin-1 were increased in the absence of 
TWSG1 compared to the control (Fig. 4D). The 
angiogenic effect of TWSG1 was also confirmed by 
overexpressing TWSG1 in TPC1 cells. Sprouting 
length (Fig. S3A, B) and branch points (Fig. S3A, C) of 
HUVECs were significantly enhanced when the cells 
were incubated with the supernatant of 
TWSG1-overexpressing TPC1 cell culture compared 
with the controls. Similarly, TWSG1 overexpression 

increased the expression of VEGF and reduced 
endostatin, PAI-1 and thrombospondin-1 content in 
TPC1 cells (Fig. S3D). However, the sprouting length 
(Fig. 5A, B) and branch points (Fig. 5A, C) of HUVECs 
were not significantly enhanced or reduced when the 
cells were incubated with the supernatant of rTWSG1 
(0, 1, 10, 100ng/ml). These results indicate that 
downregulation of TWSG1 induces endothelial cells 
to acquire a less angiogenic phenotype. 

 

 
Figure 3. TWSG1 knockdown suppresses the migration and invasion of K1 cells. (A) Wound healing assays were used to assess the migratory ability of K1 cells with 
knockdown of TWSG1. Representative images at 0 h and 24 h of three repeated experiments are shown. (B) Transwell assays were performed to determine the migratory ability 
of K1 cells with knockdown of TWSG1. Representative images of migrated cells in the lower chamber stained with crystal violet. (C) Transwell assays were performed to 
determine the invasive ability of K1 cells with knockdown of TWSG1. Representative images of invasive cells in the lower chamber stained with crystal violet. (D) The 
quantification of cell migration is presented as migrated cell numbers. All data are expressed as the mean ± S.D. of three independent experiments. ** indicates P<0.01. (E) The 
quantification of cell invasion is presented as invasive cell numbers. All data are expressed as the mean ± S.D. of three independent experiments. ** indicates P<0.01. 
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Figure 4. TWSG1 knockdown suppress the impact of K1 cells on endothelial cell function. (A) TWSG1 knockdown in K1 cells affects tube formation of 
the endothelial cells. HUVECs were incubated with the supernatant of K1 cells with or without TWSG1 knockdown. Thereafter, HUVECs were subjected to Matrigel 
assays. Representative micrographs of HUVECs stimulated with supernatants of siRNA-transfected K1 cells are shown. Scale bar= 100 μm. (B) Cumulative sprout 
length and (C) branch points of capillary-like structures were measured after 4 h and quantified. All data are expressed as the mean ± S.D. of three independent 
experiments. ** indicates P<0.01. (D) The expression levels of VEGF, endostatin, PAI-1 and thrombospondin-1 in K1 cells transfected with TWSG1-specific siRNA 
or ScrsiRNA supernatants measured by ELISA. All data are expressed as the mean ± S.D. of three independent experiments. ** indicates P<0.01. 
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Figure 5. The effect of rTWSG1 on endothelial cells. (A) rTWSG1 did not affect tube formation of the endothelial cells. HUVECs were incubated with 0, 1, 
10, 100 ng/ml rTWSG1. Thereafter, HUVECs were subjected to Matrigel assays. Representative micrographs of HUVECs stimulated with rTWSG1 are shown. Scale 
bar= 100 μm. (B) Cumulative sprout length and (C) branch points of capillary-like structures were measured after 4h and quantified. All data are expressed as the 
mean ± S.D. of three independent experiments. 

 

TWSG1 regulates the expression of 
matrix-degrading enzymes and BMP pathway 
activity 

The potential mechanism underlying the 
TWSG1-mediated increase in PTC cell invasion and 
angiogenesis was further studied. We measured the 
expression of matrix metalloproteinases (MMPs) in 
TWSG1 knockdown cells. When TWSG1 was knocked 
down in K1 cells, the mRNA expression levels of 
MMP2 and MMP9 were significantly downregulated, 
whereas those of MMP1 and MMP13 were unchanged 
(Fig. 6A-D). The protein levels of MMP2 and MMP9 
were also decreased in TWSG1 knockdown tumor 
cells compared to the controls (Fig. 6F). Thus, loss of 
TWSG1 results in overall reduced MMP activity. In 
contrast, TWSG1 overexpression promoted MMP2 
and MMP9 expression in TPC1 cells, as confirmed by 
qRT-PCR (Fig. S4A-D) and western blot (Fig. S4F) 
analyses. TWSG1 is a known modulator of BMP 
pathway activity. In this study, we aimed to elucidate 
the effect of TWSG1 on BMP pathway activity in PTC. 
Id1 is a well-characterized indicator for BMP pathway 
activity. When TWSG1 was knocked down, Id1 
expression was significantly reduced at both the 
mRNA and protein levels (Fig. 6E, F). Similarly, 
expression of p-Smad1/5 was inhibited in the TWSG1 
siRNA group (Fig. 6F). Meanwhile, TWSG1 
overexpression in TPC1 cells enhanced the expression 
of Id1 and p-Smad1/5 (Fig. S4E, F). These data 
indicate that TWSG1 promotes the expression of 

MMP2 and MMP9 and the activity of the BMP 
pathway.  

TWSG1 regulates the proliferation of PTC 
cells 

As the proliferation of tumor cells at metastatic 
loci plays an important role in tumor metastasis, we 
assessed the effect of TWSG1 on the proliferation of 
thyroid cancer cells. With CCK-8 assays, the 
proliferation of K1 cells was examined at six time 
points (0 h, 12 h, 24 h, 36 h, 48 h, 72 h) after 
transfection with TWSG1 siRNA. Cell viability was 
analyzed using a proliferation curve based on the 
absorbance at 450 nm. The proliferation of cells in the 
TWSG1 siRNA group was suppressed compared to 
the ScrsiRNA control group (Fig. 7A). In addition, 
colony formation assays were performed to evaluate 
the impact of TWSG1 on cell proliferation. The colony 
formation assays showed that there were fewer clones 
in the TWSG1 siRNA group than in the ScrsiRNA 
group (Fig. 7B, C). Cell cycle analysis showed that the 
proportion of cells in G1 phase was significantly 
higher in the TWSG1 siRNA group compared to that 
in the ScrsiRNA group, while it was lower in the S 
and G2/M phases in the TWSG1 siRNA group (Fig. 
7D, E). Additionally, TWSG1 overexpression- 
mediated promotion of TPC1 cell proliferation was 
confirmed by CCK-8 analysis (Fig. S5A), enhanced 
colony formation (Fig. S5B, C) and accelerated cell 
cycle progression (Fig. S5D, E). These results indicate 
that proliferation of PTC cells is suppressed by 
downregulation of TWSG1. 
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Figure 6. TWSG1 knockdown inhibits the expression of MMPs and the BMP target gene Id1. qRT-PCR analysis of the mRNA expression levels of MMP1 
(A), MMP2 (B), MMP9 (C), MMP13 (D) and Id1 (E) in K1 cells with TWSG1 knockdown. The values were normalized to GAPDH mRNA expression. Data are 
expressed as the mean ± S.D. of three independent experiments. ** indicates P<0.01. (F) Western blot analysis of the expressions of MMP2, MMP9, Id1 and 
p-Smad1/5/8 in K1 cells with TWSG1 knockdown. Representative images of three repeated experiments are shown. 

 
Figure 7. TWSG1 knockdown inhibits the proliferation of K1 cells. (A) CCK-8 assays were performed to measure K1 cell proliferation 12 h, 24 h, 36 h, 48 
h and 72 h after transfection with TWSG1-specific siRNA. (B) Colony formation assays were performed to assess the proliferation of K1 cells transfected with 
TWSG1-specific siRNA. The colonies were identified and counted. (C) The colony formation assay results are presented as histograms. Data were from independent 
experiments performed in triplicate and are presented as the mean ± S.D. (D) Flow cytometry images of the cell cycle in K1 cells. (E) Cell cycle quantification is shown 
as a percentage of total cells. Data are expressed as the mean ± S.D. of three independent experiments. All data are expressed as the mean ± S.D. of three 
independent experiments. * indicates P<0.05, ** indicates P<0.01. 
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Discussion 
For the first time, we identified the role of 

TWSG1 in PTC. The expression of TWSG1 was 
significantly upregulated in PTC patients with LNM, 
and it is a potential predictive biomarker of LNM 
before surgery. In the loss-of-function study, 
knockdown of TWSG1 inhibited proliferation, cell 
cycle progression, migration and invasion of PTC, 
while the gain-of-function study showed opposite 
results. Additionally, the angiogenic capacity was 
suppressed/promoted when there was a 
loss/increase, respectively, of TWSG1 in PTC cells, 
causing a series of downstream molecular alterations 
(VEGF, endostatin, PAI-1 and thrombospondin). 
Moreover, the study showed that the MMP activity 
was influenced by the upstream gene TWSG1 in PTC. 
TWSG1 could also regulate BMP activity in PTC by 
modulating the expression of Id1 and pSmad1/5. 

Due to improvements in ultrasound technology, 
the rate of PTMC has increased in recent years [1]. In 
our study, the tumor sizes were all less than 2 cm 
(pT1), and pT1a tumors (PTMC) comprised the 
majority of the samples. The data indicated that larger 
tumors were more likely to have LNM, which is 
consistent with a previous study [20]. In addition, 
there were no cases with extrathyroid extension 
included in the study, which is another risk factor of 
LNM [21]; thus, the impact of extrathyroid extension 
on LNM was eliminated. According to our results, the 
sensitivity of TWSG1 was much higher, although the 
specificity was lower, than ultrasonography in 
identifying cervical LNM [22]. We believe that these 
two methods could be complementary in future 
clinical applications.  

As noted in the introduction, TWSG1 could be an 
antagonist or agonist of BMPs, and its effects on 
cancer cells are bidirectional [23, 24]. While BMPs 
have been extensively studied in various cancers, the 
role of BMPs in thyroid cancer is unknown, similar to 
TWSG1. Jolene et al. [25] reported that TWSG1 was 
overexpressed in cholangiocellular and hepatocellular 
carcinoma, which are both malignant epithelial cell 
cancers. PTC is also an epithelial cell-derived 
malignant disease. In our study, TWSG1 was 
overexpressed in PTC with LNM compared to that 
without LNM, indicating that TWSG1 is likely to be 
involved in metastasis of PTC. Generally, cancer 
metastasis is a combination of several processes, 
including proliferation, migration, and invasion. To 
study the functional role of TWSG1 in PTC, we 
performed loss/gain of function studies. Our results 
confirmed that TWSG1 controls the malignant 
behavior of PTC cells, such as proliferation, 

angiogenesis, and invasion, which results in PTC 
metastasis.  

Angiogenesis is an important mechanism of 
tumor cell growth and requires not only tumor cell 
proliferation but also a vascular network for growing 
tumors and subsequently contributes to tumor 
metastasis. To investigate the role of TWSG1 in 
angiogenesis, we assessed several 
angiogenesis-related genes in the study. VEGF, an 
angiogenic factor, induces proliferation and migration 
of vascular endothelial cells and is essential for both 
physiological and pathological angiogenesis [26]. It 
was found to be positively regulated by TWSG1 in 
PTC in this study. At the same time, anti-angiogenic 
genes, such as endostatin, PAI-1 and 
thrombospondin-1, were negatively regulated by 
TWSG1. Another mechanism of angiogenesis 
modulation by TWSG1 is its regulatory role on MMPs, 
which are necessary not only for tumor cell 
invasiveness but also for angiogenesis [27, 28]. 
However, the tube formation was not affected under 
varied rTWSG1 concentration, which indicated that 
TWSG1 does not exert a direct influence on 
angiogenesis. Therefore, it is through affecting the 
expression of angiogenic and anti-angiogenic factors 
(VEGF, endostatin, etc) that TWSG1 controls 
angiogenesis.  

MMPs are a family of zinc-dependent 
endoproteinases with enzymatic activity against 
components of the extracellular matrix (ECM). MMPs 
facilitate tumor progression by enabling tumor cells to 
detach from each other for invasion and metastasis 
[29]. Dandan Dong et al. [30] reported that ADAM15 
promoted non-small cell lung cancer invasion by 
directly activating MMP9. Cheng HP et al. [31] 
reported that renal cell carcinoma patients with high 
MMP-2 levels exhibit rapid progression and that high 
MMP-2 levels are associated with poor prognosis. 
Here, we report a positive regulatory relationship 
between TWSG1 and several MMPs, such as MMP2 
and MMP9, which explains the effect of TWSG1 on 
tumor cell behavior. When TWSG1 was silenced or 
enhanced, MMP2 and MMP9 were correspondingly 
downregulated or upregulated, respectively, which 
resulted in improper processing of ECM, leading to 
the impairment or enhancement of tumor migration 
and invasion. 

Our study also determined how TWSG1 
regulates BMP activity. The relationship between 
TWSG1 and BMPs is currently under debate. In our 
study, TWSG1 positively regulated BMP activity by 
altering Id1 expression and Smad1/5 
phosphorylation. This study indicates that TWSG1 is 
an agonist of BMP signaling. 
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Conclusion 
Taken together, the results showed that TWSG1 

is overexpressed in metastasized PTC and is valuable 
in predicting LNM of PTC. TWSG1 promotes tumor 
progression by enhancing tumor growth and 
malignant cell behavior and stimulating 
tumor-associated angiogenesis.  
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