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Abstract. Leucine-rich-alpha-2-glycoprotein 1 (LRG-1) has 
been reported to be associated with multiple malignancies. 
However, its participation in thyroid carcinoma progression 
remains unclear. In the present study, the biological function 
and underlying molecular mechanisms of LRG-1 in thyroid 
carcinoma were investigated. It was found that LRG-1 was 
overexpressed in thyroid carcinoma tissues, and high LRG-1 
expression predicted poor patient survival and late tumor 
stage. As shown in the mouse xenograft study, knockdown 
of LRG-1 significantly attenuated thyroid cancer growth 
in vivo. Based on wound healing, Transwell, proliferation and 
apoptosis assays, it was found that the knockdown of LRG-1, 
using shLRG-1, inhibited cell migration and invasion, but did 
not affect proliferation and apoptosis in thyroid cancer cells. 
Furthermore, LRG-1 also induced epithelial-mesenchymal 
transition (EMT) in thyroid carcinoma cells. Western blot 
analysis revealed that this tumor-promoting bioactivity of 
LRG-1 was attributed to its selective activation of MAPK/p38 
signaling. All of these findings indicate that LRG‑1 plays a 
deleterious role in the progression of thyroid carcinoma. LRG-1 
may serve as a promising biomarker for predicting prognosis 
in thyroid carcinoma patients, and LRG-1-based therapy may 
be developed into a novel strategy for the treatment of thyroid 
carcinoma.

Introduction

Thyroid carcinoma is the most common endocrine malignancy 
and its incidence is constantly increasing worldwide (1,2). 
Most types of thyroid cancer usually have good prognoses 
owing to their well-differentiation and low malignant biolog-
ical behavior as well as the ability to absorb radioiodine (3). 
However, a small number of thyroid cancer patients develop 
radioactive iodine-resistant tumors and demonstrate aggres-
sive behavior and/or distant metastasis, significantly reducing 
the survival rate (4). Over the last several decades, numerous 
genetic alterations involved in thyroid cancer development 
have been identified, including point mutations of BRAF and 
the RAS genes (5), as well as fusions involving the RET and 
NTRK1 tyrosine kinases (6). However, a greater understanding 
of the mechanisms regulating tumor malignant biological 
behavior in aggressive thyroid cancer is still needed.

Research has demonstrated that the invasion and metas-
tasis of malignant tumors, including thyroid cancer, are 
largely due to the epithelial-mesenchymal transition (EMT) 
process of cancer cells, and this process is considered as a 
critical early step in cancer progression (7). In normal thyroid 
tissue, epithelial cells show apical-basal polarity, they adhere 
and communicate with each other through specialized inter-
cellular junctions, and they are positioned on a basement 
membrane that helps to define their physiology (8). During the 
process of EMT, epithelial cells lose their characteristics of 
cell polarity and adhesion, acquiring a motile mesenchymal 
phenotype (9), which results in enhanced mobility and inva-
siveness in carcinoma cells (10,11). Additionally, cells that 
have undergone EMT acquire resistance to senescence and 
apoptosis (12). In a study of thyroid carcinoma, EMT-related 
gene expression levels were significantly upregulated in 
anaplastic thyroid carcinoma tissues compared with those in 
well-differentiated thyroid cancer tissues (13), which indicated 
that EMT plays an important role in the aggressive biological 
behavior of thyroid cancer cells. Recently, many studies 
revealed different regulatory mechanisms of EMT in thyroid 
cancer cells. For instance, SDC4 gene silencing inhibited 
thyroid cancer cell EMT via the Wnt/β-catenin pathway (14). 
Puli et al showed that the transcription factor ETV5 decreased 
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BRAFV600E-induced TWIST1 expression in thyroid cancer 
cells (15). In addition, microRNA-150-5p affected EMT 
by regulating the BRAFV600E mutation in thyroid cancer 
cells (16). Furthermore, lncRNA BANCR promoted EMT in 
thyroid cancer via the Raf/MEK/ERK signaling pathway (17).

Leucine-rich-alpha-2-glycoprotein1 (LRG-1) is the 
founding member of the leucine-rich repeat (LRR) family, which 
was first isolated from human serum in 1977 (18). Recently, 
LRG-1 has been revealed as a new regulator of pathogenic 
angiogenesis and a novel oncogene-associated protein (19,20). 
Reports have shown that LRG-1 is overexpressed in several 
types of carcinomas, such as bladder, ovarian and biliary tract 
cancer (21-23). Additionally, LRG-1 has an important role in 
glioma cell invasion and migration (24); in addition, LRG-1 
was found to promote EMT in colorectal cancer via HIF-1α 
activation (25). However, the biological function of LRG-1 
in thyroid cancer and the potential molecular mechanisms of 
LRG-1 are still unknown.

In the present study, we examined the LRG-1 expression 
in human tissue samples and evaluated the prognostic value 
of LRG-1 in thyroid cancer patients. Next, we examined the 
effects of LRG-1 on proliferation, apoptosis, migration and 
invasion in thyroid cancer cells, and tested its function in 
the EMT process. Furthermore, we investigated the potential 
biochemical mechanisms that may be involved in the positive 
effects of LRG-1 on thyroid cancer invasion and metastasis.

Materials and methods

Patients and ethics statement. This retrospective study 
included 97 thyroid cancer patients (48 males and 49 females, 
aged 18‑70 years) admitted to the Second Affiliated Hospital 
of Guangxi Medical University from January 2006 to 
January 2007. Patients included in this study satisfied the 
following criteria: i) no other organ metastasis was evident; 
ii) patients were diagnosed with resectable primary tumors; 
iii) patients presented with Eastern Cooperative Oncology 
Group score 0-2; and iv) patients were diagnosed with thyroid 
cancer by postoperative pathology. None of the patients had 
received previous treatment for the tumor before surgical 
excision. We defined patients with occurrence of relapse as 
the endpoint in this study. All patients included in this study 
had undergone total thyroidectomy with or without lymph 
node dissection for thyroid cancer. All patients were required 
to undergo a serum thyroglobulin test and an I131 body scan. 
Standard postoperative endocrinotherapy was applied for all 
thyroid cancer patients. The choice of the administration of 
radioactive iodine was left to the discretion of the treating 
physician. The baseline characteristics of these patients are 
shown in Table I. This study was approved by the Medical 
Ethics Committee of the Second Affiliated Hospital of 
Guangxi Medical University (no. 0010802). The study was 
performed in accordance with the ethical standards of the 
Declaration of Helsinki. Informed consent was obtained from 
all enrolled patients for the use of their tissues and clinico-
pathological data.

Histology and immunohistochemistry (IHC). For histological 
assessment, paraffin‑embedded specimens were stained with 
hematoxylin and eosin (H&E). For immunohistochemistry, 

sections were incubated with anti-LRG-1 antibody (dilu-
tion 1:200; cat. no. ab178698; Abcam, Cambridge, UK) 
overnight at 4˚C, followed by incubation with HRP-conjugated 
secondary antibody (cat. no. KIT-5005; Maxim, Fuzhou, 
China) at room temperature for 15 min. Finally, the sections 
were developed with 3,3'-diaminobenzidine at room tempera-
ture for 3-5 min and counterstained with hematoxylin. 
The intensity of staining was quantitatively analyzed with 
Image-Pro® Plus version 6 software (Media Cybernetics, 
Inc., Rockville, MD, USA). Histochemistry score (H-score) 
was measured to evaluate LRG-1 expression, ranging from 0 
to 300. H‑scores <200 were classified as low expression, and 
scores ≥200 were classified as high expression. Specifically, 
H-scores were calculated by multiplying the intensity of 
staining (0 for no staining, 1 for faint staining, 2 for moderate 
staining, and 3 for intense staining) and the staining percentage 
of each core (0-100%).

Quantitative real‑time PCR (qPCR). Total RNA was 
extracted from fresh frozen specimens and cultured cells 
using a PureLink® RNA Mini kit (Invitrogen; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA). cDNA was obtained using 
the PrimeScript™ RT Reagent kit (Perfect Real-Time; Takara 
Bio, Inc., Otsu, Japan). qPCR was performed with the ViiA™ 
7 Real-Time PCR system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) by using the SYBR®-Green qPCR SuperMix 
(Invitrogen; Thermo Fisher Scientific, Inc.). The thermocycling 
conditions were 95˚C for 10 min followed by 40 cycles of 95˚C 
for 15 sec and 60˚C for 60 sec. The 2-ΔΔCq method (26) was 
used to analyze the relative changes in the gene expression. 
GAPDH was used as a reference gene. The primers used were 
as follows: LRG-1, 5'-AGA ACC TGA GCG ACC TCT ATC-3' 
(forward) and 5'-CAC AGC GCG TGT CAT TCT G-3' (reverse); 
CDH1, 5'-CGA GAG CTA CAC GTT CAC GG-3' (forward) 
and 5'-GGG TGT CGA GGG AAA AAT AGG-3' (reverse); 
CDH2, 5'-AGC CAA CCT TAA CTG AGG AGT-3' (forward) 
and 5'-GGC AAG TTG ATT GGA GGG ATG-3' (reverse); VIM, 
5'-AGT CCA CTG AGT ACC GGA GAC-3' (forward) and 5'-CAT 
TTC ACG CAT CTG GCG TTC-3' (reverse); SNAI1, 5'-TCG 
GAA GCC TAA CTA CAG CGA-3' (forward) and 5'-AGA TGA 
GCA TTG GCA GCG AG-3' (reverse); SNAI2, 5'-CGA ACT 
GGA CAC ACA TAC AGTG-3' (forward) and 5'-CTG AGG ATC 
TCT GGT TGT GGT-3' (reverse); ZEB1, 5'-TTA CAC CTT TGC 
ATA CAG AAC CC-3' (forward) and 5'-TTT ACG ATT ACA 
CCC AGA CTG C-3' (reverse); ZEB2, 5'-CAA GAG GCG CAA 
ACA AGC C-3' (forward) and 5'-GGT TGG CAA TAC CGT CAT 
CC-3' (reverse).

Western blot analysis. Protein extracts were prepared with 
RIPA buffer containing phosphatase and protease inhibitors. 
Protein concentrations were determined by BCA Protein assay. 
Equivalent aliquots of protein (40 µg) were electrophoresed 
using 10% SDS‑PAGE and transferred onto polyvinylidene 
difluoride (PVDF) membranes (EMD Millipore, Billerica, 
MA, USA). The membranes were blocked with 5% skim 
milk for 2 h, followed by incubation overnight at 4˚C with 
specific primary antibodies against LRG‑1 (dilution 1:1,000; 
cat. no. ab178698; Abcam, Cambridge, UK), E-cadherin 
(cat. no. 3195), N-cadherin (cat. no. 13116), vimentin 
(cat. no. 5741), p38 (cat. no. 8690) and p-p38 (dilution 1:1,000; 
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cat. no. 4511; Cell Signaling Technology, Inc., Beverly, MA, 
USA). After washing, the membrane was incubated with 
horseradish peroxidase-conjugated secondary antibody (dilu-
tion 1:2,000; cat. no. 7074; Cell Signaling Technology, Inc.) 
for 1 h at room temperature, the intensity of the protein bands 
was quantitatively analyzed with ImageJ 1.49v software (NIH; 
National Institutes of Health, Bethesda, MD, USA). All bands 
presented together were probed for on the same membrane. 
Considering that many different proteins (like p38, p-p38 
and GAPDH) have similar molecular weight which could not 
be detected at the same time using one membrane, we first 
detected p-p38 and the same membrane was used for stripping 
and reprobing of the total p38 and GAPDH (27).

Cell culture. The human papillary thyroid carcinoma cell 
line TPC-1, the human anaplastic thyroid carcinoma cell line 
HTC/C3 and the thyroid squamous cell carcinoma cell line 
SW579 were purchased from the American Type Culture 
Collection (ATCC; Manassas, VA, USA). The normal 
thyroid-derived cell line NTHY-ORI 3-1 and de-differentiated 
thyroid carcinoma cell line BCPAP were purchased from 
Shanghai Institutes for Biological Sciences (Shanghai, China). 
The cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM; Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, 
Inc.), 100 U/ml penicillin and 100 mg/l streptomycin, and 
they were incubated at 37˚C in a humidified atmosphere 
with 5% CO2. Mycoplasma testing was performed for the 
cell lines used. All cell lines were authenticated using short 
tandem repeat (STR) analysis. LRG-1 recombinant protein 
(cat. no. 7890‑LR‑025; R&D Systems, Inc., Minneapolis, MN, 
USA) was used at concentrations of 100, 300 or 500 ng/ml and 
the p38 inhibitor (SB203580; Selleck Chemicals Houston, TX, 
USA; cat. no. S1076) was used at a concentration of 10 µM.

LRG‑1 knockdown in thyroid cancer cells. The LRG-1 
shRNA was cloned into the pLKO.1 shRNA expression vector. 
Purified plasmids were transfected into 293T cells using 
Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific, 
Inc.), along with the helper plasmids psPAX2 and VSV-G. 
Virus supernatant was added to the cell culture in the pres-
ence of 8 mg/ml polybrene. Positive clones were obtained 
upon puromycin selection. The interference sequences were 

as follows: LRG-1 shRNA: 5'-AGC TAA AAA GAT GTT TTC 
CCA GAA TGA CTC TCT TGA AGT CAT TCT GGG AAA ACA 
TCG GG-3'; Control scramble shRNA: 5'-AGC TAA AAA TTC 
TCC GAA CGT GTC ACG TTC TCT TGA AAC GTG ACA CGT 
TCG GAG AAG GG-3.

Cell proliferation and apoptosis assays. Cell proliferation was 
detected using the Click-iT® EdU Alexa Fluor® 488 Imaging 
kit (Invitrogen; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's instructions. Immunofluorescence signals 
were captured using a Zeiss 710 laser scanning microscope 
(Carl Zeiss, Inc., Thornwood, NY, USA).

Cell apoptosis was measured using the Alexa Fluor® 488 
Annexin V/Dead Cell Apoptosis kit (Invitrogen; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's instruc-
tions. The samples were analyzed by flow cytometry using the 
CellQuest Pro software (BD Biosciences, San Jose, CA, USA).

Wound healing assay. Thyroid cancer cells were seeded in 
6‑well plates up to form a 100% confluent monolayer. A wound 
was generated using a micropipette tip homogeneously across 
the monolayer, followed by washing with phosphate-buffered 
saline (PBS) to remove cell debris. The narrowing of the 
wound area was investigated at times 48 h and measured using 
ImageJ 1.49v software (NIH; National Institutes of Health).

Transwell assay. Cells at a density of 1x105 cells/ml were seeded 
in the upper Transwell chamber (BD Biosciences) precoated 
with Matrigel (BD Biosciences). After 48 h of incubation, the 
cells on the upper surface of the microporous membrane were 
wiped off with a cotton swab, and the remaining cells were 
stained with 0.5% crystal violet (Sigma-Aldrich; Merck KGaA, 
Darmstadt, Germany) for 30 min at room temperature and 
photographed at a magnification of x200 using an Olympus 
IX71 inverted microscope (Olympus Corp., Tokyo, Japan). The 
absorbance at 570 nm was measured using a Tecan Infinite 
F500 microplate reader (Tecan Group AG, Männedorf, 
Switzerland).

Xenograft mouse model. In total, the 24 female BALB/c nude 
mice (4-5 weeks old, 18-20 g) used in this study were obtained 
from Shanghai Slac Laboratory Animal Company (Shanghai, 
China). The mice were maintained under a 12-h dark/light 
cycle with ad libitum access to food and water in specific 
pathogen‑free conditions (55% humidity and 22˚C). All proce-
dures were approved by the Institutional Animal Care and Use 
Committee of Guangxi Medical University (no. 20186018S). 
The mice were randomly divided into 4 groups: The HTC/C3 
cell shCtrl group, the HTC/C3 cell shLRG-1 group, the SW579 
cell shCtrl group and the SW579 cell shLRG-1 group. Mice 
were anesthetized with 3% isoflurane. The tumor models were 
established by subcutaneously injecting 1x107 cell suspen-
sions into the right upper flanks of BALB/c nude mice. Tumor 
volume was calculated as follows: (length x width2)/2. After 
four weeks, the mice were euthanatized by carbon dioxide 
(100% CO2 gas at a flow rate 20‑30%), and tumor tissues were 
removed. We verified animal death through a combination of 
criteria, including lack of pulse, breathing, corneal reflex and 
response to firm toe pinch, graying of the mucous membranes, 
and rigor mortis. We confirm that the tumor burden did not 

Table I. Characteristics of the thyroid cancer patients.

Parameters Data

Age, years (mean) 48.9±12.0
Sex, (male) n (%) 48 (49.5)
Multifocality, n (%)  17 (17.5)
TNM tumor stage (I/II/III), n 43/24/30
LRG-1 expression (low/high) n (%) 61/36
Residual disease, n (%) 5 (5.2)
Adjuvant radioactive iodine, n (%) 33 (31.0)

LRG-1, leucine-rich-alpha-2-glycoprotein 1. 
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exceed the recommended size and no mouse presenting 
with multiple tumors was observed. The humane endpoints 
established in the present study were as follows: i) tumor size: 
Exceed 10% of body weight; ii) tumor ulceration, infection, 
or necrosis; iii) loss of ability to ambulate (inability to access 
food or water); iv) body condition score <2 on a 5-point scale.

Statistical analysis. The statistical analyses were performed 
with SPSS 20.0 (IBM Corp., Armonk, NY, USA). Data are 
expressed as the mean ± standard deviation (SD) from at least 
three replicates. P-values <0.05 were considered statistically 
significant. We used Student's t-tests for the comparisons 
between two groups. One-way analysis of variance (ANOVA) 

followed by a post hoc test (Tukey test) was used for compari-
sons between two groups in multiple comparisons. Survival 
curves were conducted using the Kaplan-Meier method, and 
the significance was analyzed with the log‑rank test. A Cox 
proportional hazards model was used to analyze the risk 
factors associated with disease‑free survival (DFS). Clinical 
factors associated with LRG-1 expression were analyzed using 
a logistic regression model.

Results

LRG‑1 expression is increased in human thyroid carcinoma 
tissues. To investigate the expression level of LRG-1 in thyroid 

Figure 1. LRG-1 is overexpressed in thyroid cancer tissues. (A) The mRNA expression of LRG-1 in thyroid cancer tissues and normal tissues based on the 
microarray data from GDS1732 (7 thyroid cancer tissues and 7 normal tissues) and GDS1665 (9 thyroid cancer tissues and 9 normal tissues). (B) The mRNA 
and (C) protein expression of LRG‑1 in normal thyroid tissues (n=97) and thyroid cancer tissues (n=97). (D) Immunohistochemistry images of LRG‑1 and 
the quantification of LRG‑1 relative expression levels. Scale bars, 100 µm. (E) Disease‑free survival analysis of thyroid cancer patients (n=97) with different 
LRG-1 expression levels. (F) Assessment of LRG-1 mRNA abundance in a normal thyroid cell line (NTHY-ORI3-1) and thyroid cancer cell lines (BCPAP, 
TPC‑1, HTC/C3 and SW579) via qPCR. The horizontal dotted line represents LRG‑1 mRNA levels in NTHY‑ORI3‑1 cells (black bar). Data are presented 
as the mean ± SD. *P<0.05; **P<0.01; ***P<0.001 vs. control (normal thyroid tissues or normal thyroid cell line). LRG-1, leucine-rich-alpha-2-glycoprotein 1.
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cancer tissues, we analyzed the microarray data from two data-
sets GDS1732 and GDS1665 which were downloaded from the 
National Center for Biotechnology Information (NCBI) Gene 
Expression Omnibus (GEO) database (https://www.ncbi.nlm.
nih.gov/geo/). The results showed that the expression level of 
LRG‑1 was significantly higher in thyroid cancer tissues than 
that in normal tissues (Fig. 1A). Next, 97 thyroid cancer tissues 
and matched normal tissues collected at our institution were 
selected to detect LRG-1 expression using qPCR. A similar 
result was observed. LRG‑1 was significantly overexpressed in 
thyroid cancer tissues compared with that in the corresponding 
normal tissues (Fig. 1B). As shown in Fig. 1C, western blot 
analysis and quantification demonstrated the same trend as 
qPCR. In addition, immunohistochemical analysis revealed 
that the positive staining of LRG-1 was mainly distributed in 
the cytoplasm and cytomembrane of thyroid cancer cells, and 
thyroid cancer tissues exhibited significantly increased LRG‑1 
expression compared with normal thyroid tissues (Fig. 1D).

High LRG‑1 expression predicts poor patient survival and late 
tumor stage. We further analyzed the expression of LRG-1 by 
IHC and its association with other clinical factors in 97 thyroid 

cancer patients. Our data showed that late tumor stage and high 
LRG‑1 expression were significant independent prognostic 
factors (Table II). Patients with higher LRG-1 levels suffered 
significantly worse disease‑free survival (Fig. 1E). The logistic 
regression model analysis found that higher LRG-1 expression 
was correlated with later tumor stage (HR, 19.01, P<0.001) and 
lymph node metastasis (HR, 43.94, P<0.001).

Knockdown of LRG‑1 represses the migration and invasion 
capacity of thyroid cancer cells. First, we confirmed that 
LRG-1 expression was highly expressed in thyroid cancer 
cell lines. Comparing the LRG-1 expression in four human 
thyroid cancer cell lines with that in a normal thyroid-derived 
cell line (NTHY-ORI3-1), we found that 3 of 4 (75%) thyroid 
cancer cell lines had greater LRG-1 transcript levels and that 
the expression level of LRG-1 was highest in HTC/C3 and 
SW579 cells (Fig. 1F and Table SI).

To determine the role of LRG-1 in thyroid cancer cell 
behaviors, HTC/C3 and SW579 cells were infected with 
lentivirus-expressing LRG-1 shRNA for the establishment 
of a shRNA-silenced LRG-1 stable cell line. As determined 
by qPCR and western blot analysis, both mRNA and protein 

Figure 2. LRG‑1 influences thyroid cancer cell migration and invasion in the thyroid cancer HTC/C3 and SW579 cell lines. (A) The mRNA and (B) protein 
levels of LRG-1 in HTC/C3 and SW579 cell lines as analyzed by qPCR and western blot analysis 2 days after infection with a lentivirus-expressing LRG-1 
shRNA. (C) EdU (green) was used to label proliferating cells, while the nucleus was stained with DAPI (blue). Scale bars, 50 µm. (D) Apoptosis was evaluated 
in the thyroid cancer cell lines after shLRG‑1 infection for 48 h. The flow cytometry profile represents Alexa Fluor 488 Annexin V staining on the x‑axis and 
PI on the y‑axis. (E) Wound‑healing assay and (F) Transwell cell invasion assay at 48 h in LRG‑1‑knockdown thyroid cancer cells. Scale bars, 50 µm. Data are 
presented as the mean ± SD (three independent experiments). **P<0.01; ***P<0.001. LRG-1, leucine-rich-alpha-2-glycoprotein 1.
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levels of LRG‑1 were efficiently depleted in HTC/C3 and 
SW579 cells following silencing (Fig. 2A and B). For prolifer-
ation detection, no significant difference in the percentages of 
EdU-positive cells was observed after knockdown of LRG-1 
in both cell lines (Fig. 2C). Flow cytometric analysis illus-
trated consistent results, with the percentage of apoptotic cells 

remaining stable regardless of LRG‑1 gene silencing (Fig. 2D). 
In addition, wound healing and Transwell assays were used to 
examine the migration and invasion abilities of the thyroid 
cancer cells. Our results demonstrated that the open area of 
the wound was significantly increased in LRG‑1‑knockdown 
cells compared with that in the control scramble shRNA 

Figure 3. Knockdown of LRG-1 prevents the EMT process in the thyroid cancer HTC/C3 and SW579 cell lines. (A) The mRNA and (B) protein levels of 
EMT-associated markers (E-cadherin, N-cadherin and vimentin) in thyroid cancer cells transfected with shLRG-1 or control scramble shRNA were measured 
by qPCR and western blot assays. (C) Expression levels of SNAIL1, SNAIL2, ZEB1 and ZEB2 in LRG‑1‑knockdown and control thyroid cancer cells. Data are 
presented as the mean ± SD (three independent experiments). *P<0.05; **P<0.01; ***P<0.001 vs. control (shCtrl). LRG-1, leucine-rich-alpha-2-glycoprotein 1; 
EMT, epithelial-mesenchymal transition.

Table II. Risk factors affecting disease-free survival.

 Univariate analysis Multivariate analysis
 --------------------------------------------------------------------------- ------------------------------------------------------------------------------
Factors HR 95% CI P-value HR 95% CI P-value

Age (<45 vs. ≥45 years) 0.81 0.37‑1.79 0.603 ‑ ‑ ‑
Sex (male vs. female) 0.89 0.21-3.79 0.893 - - -
Multifocality (yes vs. no) 0.56 0.17-1.88 0.348 - - -
TNM tumor stage (I+II vs. III) 4.65 2.05-10.54 <0.001 28.59 4.18-195.70 0.001
LRG-1 (low vs. high) 2.85 1.28-6.33 0.011 1.14 1.02-1.92 0.041

LRG‑1, leucine‑rich‑alpha‑2‑glycoprotein 1; HR, hazard ratio; CI, confidence interval.
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infected cells (Fig. 2E). Likewise, in Transwell assays, the 
knockdown of LRG‑1 significantly reduced the number of 
thyroid cancer cells that invaded through the membrane 
compared with the control (Fig. 2F). These results demon-
strated that the knockdown of LRG-1 inhibited cell migration 
and invasion but did not affect proliferation and apoptosis in 
thyroid cancer cells.

Knockdown of LRG‑1 inhibits epithelial‑mesenchymal transi‑
tion. The epithelial-mesenchymal transition (EMT) process 
is highly associated with enhanced mobility and invasiveness 
in carcinoma cells (28). Therefore, we investigated whether 
LRG‑1 influences thyroid cancer cell EMT. qPCR and western 
blot analysis showed that LRG-1 depletion significantly 
changed the EMT phenotype by upregulating epithelial cell 
biomarkers (E-cadherin) and downregulating mesenchymal 
cell biomarkers (N-cadherin and vimentin) in HTC/C3 and 
SW579 cells (Fig. 3A and B). Furthermore, we examined the 
key transcription factors that govern the expression of EMT 
markers. As shown in Fig. 3C, SNAIL1, SNAIL2, ZEB1 and 
ZEB2 were all significantly decreased in LRG‑1‑knockdown 
cells. These findings indicate the promotive effect of LRG‑1 
on the EMT process in thyroid cancer cells.

MAPK/p38 signaling is critical for LRG‑1‑mediated EMT as 
well as migration and invasion capacity. Mitogen-activated 
protein kinases (MAPKs) are known to have important roles 
in cell migration and EMT processes (29,30). Therefore, we 
assessed their roles in LRG-1-induced thyroid cancer cell 
EMT, migration and invasion. Western blot analysis demon-
strated that LRG-1 (100-500 ng/ml) markedly increased p38 
phosphorylation in a dose-dependent manner (Fig. 4A and B 
and Table SI). To confirm that LRG‑1‑induced EMT is depen-
dent on the p38 pathway, a p38 inhibitor (p38-I) (SB203580, 
10 µM) was used. Our data showed that the upregulation of 
the epithelial biomarker E-cadherin and the downregulation 
of the mesenchymal biomarkers N-cadherin and vimentin 
triggered by LRG-1 (500 ng/ml) were reversed in the presence 
of a p38 inhibitor (Fig. 4C and D; Table SI). Additionally, 
inhibition of the p38 pathway by SB203580 also diminished 
LRG-1 (500 ng/ml)-induced SNAIL1, SNAIL2, ZEB1 and 
ZEB2 expression (Fig. 4E). Furthermore, when p38 phos-
phorylation was blocked in the wound healing and Transwell 
assays, the enhanced migration and invasion abilities of the 
thyroid cancer cells induced by LRG-1 (500 ng/ml) were 
almost completely abolished (Fig. 5 and Table SI). These 
data demonstrated that EMT and the cell migration and 
invasion-enhancing activities of LRG-1 are mediated by the 
MAPK/p38 pathway.

Knockdown of LRG‑1 inhibits thyroid cancer growth in vivo. 
To detect the function of LRG-1 in the development of thyroid 
cancer in vivo, a nude mouse subcutaneously implanted 
tumor model was created. Our results demonstrated that nude 
mice injected with LRG-1-knockdown cells exhibited obvi-
ously decreased tumor volume at all examined time-points 
compared with nude mice injected with control scramble 
shRNA-infected cells (Fig. 6). The results indicated that the 
knockdown of LRG‑1 significantly attenuated thyroid cancer 
growth in vivo.

Discussion

Recently, a growing number of studies have focused on 
discovering biomarkers and therapeutic targets of thyroid 
cancer (31). The major types of biomarkers include genetic 
markers, gene expression markers (mRNA and microRNA) 
and proteins (32). To date, the most important diagnostic 
markers are BRAFV600E, RAS mutations and RET-PTC 
and PAX8-PPARγ rearrangements (33). These novel markers 
are outstanding examples that have improved the diag-
nosis of thyroid nodules. In the present study, we identified 
leucine-rich-alpha-2-glycoprotein 1 (LRG-1) as a novel prog-
nostic marker of thyroid cancer. Our data demonstrated that 
the mRNA and protein levels of LRG‑1 were significantly 
increased in thyroid cancer tissues compared with those in 
normal tissues. In addition, high LRG-1 expression was a 
significant independent prognostic factor, and patients with 
higher LRG‑1 levels suffered significantly worse disease‑free 
survival.

As an increasing number of diagnostic markers and 
initiating oncogenic events have been revealed, molec-
ular-targeted therapy holds great promise for aggressive and 
radioiodine-refractory thyroid cancers. A randomized phase II 
clinical trial demonstrated that vandetanib, a drug that targets 
the KDR, RET and EGFR kinases, produced a significant 
prolongation of median progression-free survival in aggressive 
differentiated thyroid cancer (34). Similarly, sorafenib (targets 
KDR, FLT4, RET and BRAF) (35) and lenvatinib (targets 
FLT1, KDR, FLT4, PDGFR and FGFR) (36), two additional 
kinase inhibitors, also prolonged progression-free survival 
in radioiodine-refractory differentiated thyroid cancer. In 
the present study, we observed that the knockdown of LRG-1 
significantly inhibited thyroid cancer growth in vivo according 
to a nude mouse subcutaneously implanted tumor model. This 
result indicates that targeting LRG‑1 may provide an efficient 
strategy for the treatment of thyroid cancer. It is of great 
importance to explore novel small-molecule agents targeting 
LRG-1 in the future.

Furthermore, our data demonstrated that LRG‑1 signifi-
cantly increases migration and invasion capacity with no 
effects on proliferation and apoptosis in thyroid cancer cells. 
These findings are consistent with those of previous publica-
tions, which demonstrated that LRG-1 promoted the migration 
and invasion capabilities of glioma cells (24), colorectal carci-
noma cells (25) and human bone marrow mesenchymal stem 
cells (hBMMSCs) (37). The EMT process, in which cancer 
cells acquire a mesenchymal phenotype, has been proposed 
as a critical mechanism for the invasion and metastasis of 
cancers (38). Molecular changes in gene expression during EMT 
have been reported in thyroid carcinoma progression (13,39). 
In the present study, we found that the thyroid cancer cell 
lines HTC/C3 and SW579 underwent EMT under the influ-
ence of LRG-1, with decreased expression of E-cadherin and 
increased expression of N-cadherin and vimentin. Similarly, 
Zhang et al showed that incubation of LRG-1 caused a shift 
from epithelial markers to mesenchymal markers, and Twist1, 
a well-known EMT-promoting transcriptional factor, was also 
found to be positively regulated by LRG-1 (25). In addition, 
LRG-1 also downregulated the expression of an epithelial 
marker (E-cadherin) in glioma cells (24).
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Figure 4. MAPK/p38 signaling is critical for LRG-1-mediated EMT. (A) Levels of p38 and phosphorylated p38 were assessed 15 min after LRG-1 treatment in 
the thyroid cancer HTC/C3 and SW579 cell lines. (B) Levels of p38 and p-p38 were examined after both cell lines were incubated with a p38 inhibitor (p38-I) 
(SB203580, 10 µM) and LRG‑1 (500 ng/ml) for 15 min. (C and D) Levels of E‑cadherin, N‑cadherin and vimentin were examined after HTC/C3 and SW579 
cells were incubated with p38-I (SB203580, 10 µM) and LRG-1 (500 ng/ml) for 15 min. (E) Levels of SNAIL1, SNAIL2, ZEB1 and ZEB2 in thyroid cancer 
cells after incubation with p38‑I (10 µM) and LRG‑1 (500 ng/ml) for 2 days. Data are presented as the mean ± SD (three independent experiments). *P<0.05; 
**P<0.01; ***P<0.001. LRG-1, leucine-rich-alpha-2-glycoprotein 1; EMT, epithelial-mesenchymal transition.
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Figure 5. MAPK/p38 signaling plays a vital role in LRG-1-enhanced migration and invasion in thyroid cancer cells. (A) Wound-healing assay for the migration 
of thyroid cancer cells that were incubated with LRG-1 (500 ng/ml) or LRG-1 (500 ng/ml) + p38 inhibitor (p38-I) (10 µM). (B) Transwell assay for the invasion 
of thyroid cancer cells that were incubated with LRG‑1 (500 ng/ml) or LRG‑1 (500 ng/ml) + p38‑I (10 µM). Scale bars, 50 µm. Data are presented as the 
mean ± SD (three independent experiments). *P<0.05. LRG-1, leucine-rich-alpha-2-glycoprotein 1.

Figure 6. Knockdown of LRG-1 inhibits thyroid cancer growth in vivo. (A) Images of tumors at day 28 in the xenograft mouse model. (B) Tumor volume was 
measured using a caliper at the indicated time‑points. Data are presented as the mean ± SD (three independent experiments). *P<0.05; **P<0.01; ***P<0.001. 
LRG-1, leucine-rich-alpha-2-glycoprotein 1.
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As it was demonstrated that LRG-1 enhances thyroid 
cancer cell migration, invasion and EMT, we next aimed to 
determine the underlying mechanisms. Multiple signaling 
pathways cooperate in the initiation and progression of 
EMT, and the MAPK pathway plays an essential role in this 
process (30,40). MAPK can activate ETS1 and activated 
ETS1 cooperates with SNAIL1 to upregulate MMP expres-
sion (41). Similar to that of SNAIL, the stability of TWIST1 
is regulated by MAPKs; MAPKs phosphorylate TWIST1 
at Ser68, protecting it from ubiquitin-mediated degradation 
and increasing its activity (42). In addition, MAPK signaling 
increases TGFβ-induced transcription, leading to increased 
repression of E-cadherin and the activation of N-cadherin 
and MMP expression (43). Inhibition of ERK or p38 MAPK 
kinase activity represses the EMT process (44,45). We found 
that LRG-1 upregulated the level of p38 phosphorylation in 
a dose-dependent manner. Furthermore, once the activity of 
p38 was attenuated by a specific inhibitor (SB203580), the 
biomarker and key transcription factors of the EMT process 
were obviously downregulated, and the enhanced migra-
tion and invasion ability of thyroid cancer cells induced 
by LRG-1 were almost completely abolished. Consistent 
with our findings, Wang et al demonstrated that LRG-1 
promotes mesenchymal stem cell migration via activa-
tion of MAPK/p38 signaling (37). The EMT process in 
thyroid cancer was found to be characterized by a complex 
response involving multiple signaling pathways, such as 
Wnt/β-catenin (14), MEK/ERK (17) and JAK/STAT path-
ways (46). Future investigations are necessary to elucidate 
how LRG-1 plays its role in these pathways, knowing that it 
could facilitate the further understanding of the bioactivity 
of LRG-1.

Although these findings are noteworthy, some limitations 
to this study must be recognized. In thyroid carcinogenesis, 
there is a stratification of the tumors based on the genetic 
background (BRAF, RAS or RET/PTC alterations). 
Therefore, in future research, it will be essential to inves-
tigate the relationship between the genetic background and 
LRG-1 expression in thyroid cancer since this may further 
elucidate the mechanisms regulating thyroid cancer forma-
tion and development.

In conclusion, the present study revealed that LRG-1 was 
overexpressed in thyroid cancer tissues and that high LRG-1 
expression predicted poor patient survival and late tumor 
stage. LRG‑1 significantly promoted the migration, invasion 
and EMT in thyroid cancer cells. This type of bioactivity of 
LRG-1 resulted from the enhancement of the MAPK/p38 
signaling pathway. LRG-1 may serve as a promising biomarker 
for predicting prognosis in thyroid cancer patients, and 
LRG‑1‑based therapy may provide an efficient strategy for the 
treatment of aggressive thyroid cancer.
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