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Abstract. Lemur tyrosine kinase‑3 (LMTK3) is a member of 
the serine/threonine tyrosine kinase family, which is thought to 
be involved in tumor progression and prognosis. The purpose 
of the present study was to determine the diagnostic signifi-
cance and therapeutic targets in thyroid cancer. ELISA assay 
was used to detect the protein expression of serum LMTK3. 
Immunohistochemistry and reverse transcription‑quantitative 
polymerase chain reaction were employed to measure the 
expression of LMTK3. Flow cytometry was used to deter-
mine the cell cycle. Transwell assay was used to measure the 
invasion and migration of SW579 cells and terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) 
assay to detect cell apoptosis. The LMTK3 level was positively 
associated with disease stage and pathological type, whereas 
there was no correlation between LMTK3 level and gender, 
age, tumor size or lymph node metastasis. The serum LMTK3 
level was significantly increased in 102 thyroid carcinoma 
patients compared with 52 benign thyroid tumor patients and 
50 healthy volunteers (P=0.001). The protein and mRNA 
expression of LMTK3 was markedly higher in thyroid cancer 
patients compared with patients with benign thyroid tumors. 
Notably, LMTK3 knockdown retarded proliferation, invasion 
and migration in SW579 cells. In addition, downregulation 
of LMTK3 promoted apoptosis in SW579 cells. These find-
ings indicated that LMTK3 knockdown retards the growth of 
thyroid cancer cells partly through inhibiting proliferation, 
invasion, migration and inducing apoptosis in SW579 cells. It 
may serve as a useful diagnostic biomarker and a novel thera-
peutic target for patients with thyroid cancer.

Introduction

Thyroid cancer is one of the more common endocrine malig-
nancies with a rapidly rising incidence in recent years (1‑3). 
Histologically it consists mainly of anaplastic thyroid cancer 
(ATC), papillary thyroid cancer (PTC), and follicular thyroid 
cancer (FTC) (4). Almost all thyroid cancers are derived from 
follicular cells that comprise the simple unicellular epithelium 
of normal thyroid. Follicular thyroid cell‑derived tumours 
include PTC and FTC, poorly differentiated thyroid cancer 
(PDTC) and undifferentiated ATC, whereas parafollicular C 
cell‑derived medullary thyroid cancer accounts only for a small 
proportion (2 to 3%) of cases (5). PTC and FTC are classified 
as differentiated thyroid cancers (DTCs) which may be cured 
with surgery or radioiodine treatment. The 10‑year survival 
rate for PTC and FTC is >90%, while PDTC and undifferenti-
ated ATC have poor prognoses (6). Approximately 5 to 23% of 
DTC patients develop distant metastases, which are the main 
cause of mortality (7). The appropriate extent of surgery for 
thyroid cancer is controversial: Certain researchers recom-
mend partial, and others total, thyroidectomy; others advocate 
prophylactic central cervical lymph node dissection, while 
only rarely do researchers suggest lymphadenectomy (8‑10). 
Although radioactive iodine is effective, the appropriate use 
and dosage remain controversial (11,12). Recently, molecular 
analysis of thyroid cancer has been usually applied for diag-
nostic purposes, involving preoperative fine‑needle biopsy 
specimens, as well as to define targetable pathways altered in 
the disease to guide the clinical trials of drug therapy (13,14).

Hormones promote cell proliferation and augment random 
genomic mutation, thus increasing the opportunity for tumori-
genicity (15). In fact, there is an obvious gender disparity in 
the occurrence of DTC, with females having three times the 
incidence of DTC than males (16,17). Previously, researchers 
have demonstrated that thyroid cancer cells express higher 
levels of estrogen receptors (ERs) and progesterone receptors 
(PRs) compared with normal cells (18). Two ERs, ERα and 
ERβ, have different biological functions (19). In thyroid cancer 
cells, ERα expression is enhanced; however, ERβ expression 
is low or absent (11). An ERα agonist has been revealed to 
enhance the proliferation of thyroid cancer cells, while an ERβ 
agonist did not (16,20). Therefore, an ERα‑mediated signalling 
pathway may be critical for the proliferation of thyroid cells. 
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The lemur tyrosine kinases (LMTKs) belong to a family of 
transmembrane serine/threonine tyrosine kinases, and have 
been shown to be localized in cytoplasmic membrane vesicles 
and involved in endosomal trafficking  (21). Accumulating 
evidence indicates an important role for LMTK3 in various 
types of cancer. RNA interference screening has identified 
LMTK3 as a potential therapeutic target in colon cancer and 
leukemia cells  (22,23). In breast cancer, LMTK3 isoform 
knockdown repressed ERα activity, while an LMTK1/2 
isoform knockdown did not. Additionally, LMTK3 was identi-
fied to interact with ERα in vivo and phosphorylation of ERα 
by LMTK3 was revealed to protect ERα from proteosomal 
degradation (24).

Similarly to other cancers, thyroid cancer initiation and 
progression is mediated through the accumulation of multiple 
genetic and epigenetic alterations of critical molecules and 
signalling pathways (25). Identification of the altered molecular 
makers is crucial for the diagnosis and treatment of thyroid 
cancer. LMTK3 has been recognized as a potential biomarker 
or a prognostic marker for various malignancies, including 
breast cancer, gastric cancer and colorectal cancer (26‑28). 
However, the clinical significance of LMTK3 and its associa-
tion with thyroid cancer has yet to be identified. In the present 
study, LMTK3 expression in thyroid cancer was examined and 
its associated clinical significance was explored.

Materials and methods

Cell culture. The human thyroid carcinoma cell line SW579 
was purchased from the American Type Culture Collection 
(American Type Culture Collection, Manassas, VA, USA). 
SW579 was cultured in RPMI‑1640 (Gibco Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% 
fetal bovine serum (FBS; HyClone™, Logan, UT, USA). Cells 
were kept at 37˚C in a humidified incubator containing 5% 
CO2.

Patients and serum. The serum specimens were obtained from 
patients at the Fourth Hospital of Harbin Medical University 
(Harbin, Heilongjiang, China) who had not undergone surgery. 
All serum specimens were derived from 106 thyroid carcinoma 
patients (26 male and 80 female; age range: 25 to 72 years; 
average age: 48.26±14.67 years) and 52 benign thyroid tumor 
patients. Patients who had undergone any form of pre‑operative 
chemotherapy and/or radiation therapy were excluded. None of 
the patients enrolled in this study suffered from any other type 
of cancer. The clinical and pathological features are presented 
in Table I. A total of 52 benign thyroid tumor patients and 
50 healthy volunteers were enrolled. A serum separator tube 
was used to isolate serum. Blood samples were allowed to clot 
for 2 h at room temperature before centrifugation for 15 min 
at 1,000 x g. Thereafter, serum was collected and immediately 
placed at ‑80˚C to avoid protein or mRNA degradation. All 
procedures were approved by the ethics committee of the 
Fourth Hospital of Harbin Medical University (Heilongjiang 
Province, China).

ELISA assay for LMTK3. The level of LMTK3 was measured 
using a human LMTK3 ELISA kit (MyBioSource, Inc., 
San Diego, CA, USA) according to the manufacturer's 

protocol. Briefly, whole blood samples (100 µl) were added 
to high‑binding polystyrene plates coated with capture 
monoclonal antibody for LMTK3. Immobilized antigen was 
detected with diluted biotinylated secondary antibody (dilu-
tion, 1:100), followed by horseradish peroxidase‑conjugated 
streptavidin. For calibration, recombinant LMTK3 protein 
and two control standards were performed in parallel with the 
tested samples on each plate.

Immunohistochemistry. Formalin‑fixed, paraffin‑embedded 
tissue sections 4 µm thick were chosen for immunohistochem-
ical staining. Anti‑LMTK3 human monoclonal antibody was 
purchased from Abcam (Cambridge, UK; cat. no. ab137260; 
dilution, 1:1,000). The tissue sections were dewaxed in xylene 
and then hydrated in a series of graded alcohols. Specimens 
were heated in 10 mM sodium citrate buffer (pH 6.0) and 
subsequently EDTA (pH 8.0), prepared for LMTK3, at 100°C 
for 5 min to expose the antigens. The specimens were then 
washed with PBS (pH 7.4) and incubated with 3% H2O2 
at 37°C for 15  min to eliminate endogenous peroxidase 
activity, and 5% bovine serum albumin for 30 min to reduce 
non‑specific binding. The slides were kept overnight at 4˚C 
with primary antibodies (LMTK3 antibody with a dilution of 
1:200). Following washing, the specimens were incubated with 
peroxidase‑labeled polymer conjugated to goat anti‑human 
LMTK3 (dilution, 1:4,000; cat. no. A0201; Beyotime Institute 
of Biotechnology, Haimen, China) in Tris‑HCl buffer at 
room temperature for 30 min. Signals were visualized with 
diaminobenzidine and the slides were counterstained with 
hematoxylin. For negative controls, the primary antibody was 
substituted with PBS.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). First, the cells were incubated with antibiotic‑free 
medium for 24 h prior to transfection. For the LMTK3 knock-
down, the cells were transfected with siRNA against LMTK3 
using Lipofectamine 2000 (Invitrogen: Thermo Fisher 
Scientific, Inc.). Transfection complexes were added to the 
medium at final oligonucleotide concentration of 50 nM. Total 
RNA samples from human tissues were isolated using Trizol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to manufacturer's protocol. Total RNA (1 µg) was reverse‑tran-
scribed using High‑Capacity cDNA Reverse Transcription kit 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) to obtain 
complementary DNA (cDNA). The SYBR Green PCR Master 
Mix kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) 
was applied in RT‑qPCR to quantify the level of LMTK3, with 
GAPDH as an internal control. The RT‑qPCR was performed 
on a 7500 FAST Real‑Time PCR System (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) for 40 cycles. The primers 
were designed as follows, The primers for GAPDH: Sense 
primer: 5'‑AAG​AAG​GTG​GTG​AAG​CAG​GC‑3', antisense 
primer: 5'‑TCC​ACC​ACC​CAG​TTG​CTG​TA‑3'. The primers 
for LMTK3: sense primer: 5'‑ TCG​GCT​TCA​AGG​AAT​TTG​
AGA‑3', antisense primer: 5'‑GGG​TGG​TCA​TGT​CTG​AGT​
GTG​A‑3'.

Small interfering RNA (siRNA) and transfection. The target 
sequence GGA​AUU​UGA​GAA​CCC​UGA​ATT, for mouse 
LMTK3 was purchased from Shanghai GenePharma Co., Ltd. 
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(Suzhou, China). As a control, LMTK3 siRNA negative control 
(NC) was also used: UUC​UCC​GAA​CGU​GUC​ACG​UTT. 
The cells were transfected with siRNAs using Lipofectamine 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol and kept for a further 48 h prior 
to being used in the subsequent experiments.

Cell proliferation assay. SW579 cells were seeded into 
96‑well plates and treated with saline, LMTK3 siRNA or 
NC. The serum‑free medium was removed and the cells were 
cultured with regular culture medium for a further 48 h. To 
monitor cell survival, SW579 cells were incubated for 4 h with 
0.5 mg/ml MTT (Sigma‑Aldrich; Merck Millipore, Darmstadt, 
Germany), and dissolved in 150 µl dimethylsulfoxide (DMSO; 
Sigma‑Aldrich; Merck Millipore). Absorbance was recorded 
at 490 nm using an Easy Reader 340 AT (SLT Labinstruments 
GmbH, Crailsheim, Germany). Results are presented as the 
percentage of survival, taking the control as 100% survival. 
Experiments were repeated six times.

Terminal dUTP nick end labeling (TUNEL) assay. Apoptotic 
SW579 cells in different groups were detected using a TUNEL 
assay as previously described (29). Air‑dried slides were fixed 
with 4% paraformaldehyde for 30 min at room temperature, 
washed three times with PBS, and then permeabilized with 1% 
Triton X‑100 for 4 min at 4˚C. Subsequently, each slide was 
removed to a terminal deoxynucleotidyl transferase (TdT) 
‑labeled nucleotide mix and kept at 37˚C for 60 min in the dark. 
Slides were rinsed twice with PBS and then counterstained with 
10 mg/ml 4,6‑diamidino‑2‑phenylindole for 5 min at 37˚C.

Cell cycle analysis. The effect of LMTK3 siRNA on cell cycle 
distribution was measured by flow cytometric analysis of the 
DNA content of cell nuclei following staining with propidium 
iodide (PI; Sigma‑Aldrich; Merck Millipore). SW579 cells 
were seeded into 60‑mm flasks, and allowed to attach over-
night. The cells were rinsed with PBS and fixed in 75% ethanol 
overnight at 4˚C. The cells were then treated with 80 mg/ml 
RNaseA (Sigma‑Aldrich; Merck Millipore) and 50 mg/ml 
PI for 30 min, and analyzed using a Coulter Epics XL Flow 
Cytometer (Beckman Coulter, Miami, FL, USA).

Cell migration and invasion assays. Transwell chambers with 
a pore size of 8 mm (Corning Costar, Inc., Corning, NY, USA) 
were used for cell migration and invasion assay. Cells were 
brought to 60% confluency and transfected with the siRNA 
for 48 h. For migration assays, cells were digested with 0.25% 
trypsin (Beyotime Institute of Biotechnology), resuspended in 
serum‑free medium and placed in the upper chamber. As a 
chemoattractant, the lower chamber contained 10% FBS. Cells 
were cultured at 37˚C in 5% CO2 for 24 h, and non‑migrating 
cells were removed with a cotton swab. Migrated cells were 
washed twice with PBS, fixed in 100% methanol and stained 
with hematoxylin. Stained cells were viewed under a micro-
scope (magnification, x200), and the number of migrated 
cells was counted in five random fields. For invasion assays, 
the upper chamber was precoated with Matrigel mixed with 
serum‑free medium (diluted at 1:3; BD Biosciences, San Jose, 
CA, USA). Following solidification of the mixture, 5x105 cells 
in serum‑free medium were placed into the upper chamber. The 

lower chamber contained 10% FBS as a chemoattractant. Cells 
were cultivated at 37˚C in a humidified incubator containing 
5% CO2 for 24 h, and non‑invading cells were removed with 
a cotton swab. Invasive cells were fixed, stained and counted. 
Stained cells were viewed under a microscope (magnification, 
x200), and the number of migrated cells was counted in five 
random fields. Assays were performed in three independent 
experiments.

Statistical analysis. All quantitative data are expressed as 
the mean ± standard error of the mean and analysed using 
SPSS software, version 13.0 (SPSS Inc., Chicago, IL, USA). 
Two‑tailed unpaired Student's t‑test and one‑way analysis of 
variance were used for statistical evaluation of the data. P<0.05 
was considered to indicate a statistically significant difference.

Results

Histopathological characteristics of thyroid cancer. Histological 
diagnoses and tumor features were derived from 106 thyroid 
cancer patients (52 with benign tumors and 54 with malignant 
tumors) and 50 healthy volunteers (Table I). In the whole group 
(thyroid cancer patients only, n=106), the mean tumor size was 
9.5±0.9 mm and the average age was 48.67±2.26 years. Male 
and female subgroup features were compared.

Serum LMTK3 level was markedly increased in thyroid 
cancer patients. It is known that LMTK3 could become a 
potential therapeutic target in multiple tumors. Therefore, 
an ELISA assay was performed to confirm whether LMTK3 
was involved in the pathological process in thyroid cancer. 
Serum LMTK3 was derived from 106 thyroid cancer patients, 
52 benign thyroid tumor diseases and 50 healthy volunteers, 
respectively. As presented in Fig.  1, serum expression of 
LMTK3 was markedly elevated in patients with thyroid cancer 
(0.68±0.10 ng/ml) compared with those with benign thyroid 
tumors (0.38±0.06 ng/ml, t=5.708) and in the normal tissues 

Figure 1. Serum level of LMTK3 measured by ELISA in TCP, BTD and HV. 
Markedly elevated serum LMTK3 levels were detected in TCP compared 
with BTD and HV (n=6). Data are expressed as the mean ± standard error of 
the mean. ***P<0.001 vs. HV; ###P<0.001 vs. BTD. LMTK3, lemur tyrosine 
kinase‑3; TCP, thyroid cancer patients; BTD, benign tumor diseases; HV, 
healthy volunteers.
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of healthy volunteers (0.41±0.09 ng/ml, t=5.5304). The results 
further indicated that the LMTK3 level was closely associ-
ated with the aggressive stages of thyroid cancer, whereas no 
correlations were identified between gender, age, tumor size 
and lymph node metastasis, as presented in Table II (P=0.48, 
P=0.389, P=0.643 and P=0.752 for gender, age, tumor size and 
lymph node metastasis, respectively). In addition, significant 
differences in the four pathological types of serum LMTK3 
level were identified (Table II).

LMTK3 expression in patients with thyroid cancer. To further 
ascertain the involvement of LMTK3 in the development 
of thyroid cancer, immunohistochemistry, RT‑qPCR and 
western blotting were employed to measure the expression of 
LMTK3 in thyroid cancer and benign thyroid tumor tissues. 
Immunohistochemistry results indicated a stronger expres-
sion of LMTK3 in tissue sections from human thyroid cancer 
samples, and LMTK3 was expressed not only in the cell nuclei, 
but also in the cytoplasm of tumor cells. By contrast, LMTK3 
staining was negative in corresponding benign thyroid tumor 
tissues (Fig. 2A). The results demonstrated that the mRNA 
level for LMTK3 was almost 4‑fold higher than that of the 
corresponding benign thyroid tumor disease tissues (Fig. 2B). 
Additionally, western blotting results identified that LMTK3 in 
human thyroid cancer samples was markedly higher compared 
with benign thyroid tumor tissues (Fig. 2C).

LMTK3 knockdown inhibited cell cycle and retarded 
proliferation. Flow cytometric analysis and MTT assays were 
employed to validate the role of LMTK3 in regulating the cell 
cycle and proliferation in SW579 cells. As presented in Fig. 3A, 
the mRNA level of LMTK3 was substantially decreased by 
treatment with LMTK3 siRNA for 48 h compared with the 

negative control (NC). Consistently with Fig. 3A, western blot 
analysis demonstrated that the protein expression of LMTK3 
was also clearly reduced in the LMTK3 siRNA‑treated group 
(Fig. 3B). The effect of LMTK3 knockdown on cell cycle 
distribution was determined to gain insights into the mecha-
nism of its anti‑proliferative activity. As illustrated in Fig. 3C, 
LMTK3 siRNA treatment for 48 h resulted in an accumu-
lation of cells in the G2/M phase that was accompanied by 
a reduction in cells with G0/G1 DNA content. Previously, 
decreased LMTK3 activity has been demonstrated in breast 
cancer, where it is considered to inhibit cell proliferation (17). 
Therefore, an MTT assay was performed to further document 
the effect of LMTK3 knockdown on SW579 cell proliferation. 
The results identified that LMTK3 knockdown clearly inhib-
ited cell proliferation (Fig. 3D), and indicated that LMTK3 
silencing is an effective inhibitor of SW579 cell growth.

LMTK3 knockdown suppresses the migration and invasion of 
SW579 cells. As presented in Fig. 4A, the migratory capability 
of SW579 cells transfected with the LMTK3 siRNA was clearly 
reduced compared with the control group (Ctrl). However, the 
cells had approximately similar migration abilities in the NC 
and the Ctrl groups. To further determine whether LMTK3 
knockdown contributes to mitigate the SW579 cells invasion, 
an invasion assay was performed by using 24‑well Boyden 
chambers coated with Matrigel. As presented in Fig. 4A, the 
number of SW579 cells was clearly fewer than that observed 
for the NC and Ctrl groups. These data strongly evidently that 
downregulation of LMTK3 could mediate a reduction in the 
migration and invasion of SW579 cells (Fig. 4B).

LMTK3 knockdown promoted SW579 cells apoptosis. To 
evaluate the extent of apoptosis in SW579 cells, apoptotic 

Table I. Clinical and histopathological characteristics in patients with thyroid cancer.

				    Male vs. female 
Characteristic	 Whole (n=106)	 Male (n=26)	 Female (n=80)	 (P‑value)

Age (years)	 48.67±2.26			   0.019a

  ≥50	 37 (34.9)	 14 (53.8)	 23 (28.8)	
  <50	 69 (65.1)	 12 (46.2)	 57 (71.2)	
Tumor size (mean ± SEM)	 9.5±0.9	 10.2±0.6	 9.1±1.3	 0.465
Degree of differentiation	 4/34/64 	 1/8/15 	 3/26/49 	 0.997
(poor/intermediate/good)	 (3.9/33.3/62.7%)	 (4.2/33.3/62.5%)	 (3.8/33.3/62.8%)	
Capsule invasion	 62 (58.5%)	 13 (0.5%)	 49 (61.5%)	 0.315
Vascular invasion	 26 (24.5%)	 3 (2.9%)	 21 (26.9%)	 0.076
Stages				    0.727
  I+II	 89 (83.9%)	 22 (84.6%)	 67 (83.8%)	
  III+IV	 17 (16.1 %)	 4 (15.4%)	 13 (16.2%)	
Pathological types				    0.141
  Papillary cancer	 68 (64.1%)	 17 (65.4%)	 51 (63.8%)	
  Follicular cancer	 23 (21.7%)	 6 (23%)	 17 (21.2%)	
  Medullary cancer	 12 (11.3%)	 3 (11.5%)	 9 (11.3%)	
  Undifferentiated Cancer	 3 (2.8%)	 2(7.6%)	 1 (1.3%)	

aP<0.05, comparison between the ages of male subgroup and female subgroup. SEM, standard error of the mean.
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Table II. LMTK3 protein levels and clinical features in thyroid cancer.

Clinical pathological feature	 No.	 Mean ± SEM	 t‑value	 P‑value

Gender			‑   0.713	 0.48
  Male	 26	 0.68±0.06		
  Female	 80	 0.62±0.01		
Age (years)			‑   0.866	 0.389
  ≥50	 37	 0.67±0.05		
  <50	 69	 0.61±0.03		
Tumour size			‑   0.465	 0.643
  <2 cm	 54	 0.61±0.04		
  ≥2 cm	 52	 0.65±0.02		
Lymph node metastasis			‑   0.318	 0.752
  Negative	 78	 0.62±0.48		
  Positive	 28	 0.65±0.35		
Stage			‑   4.805	 0.0001
  I+II	 89	 0.54±0.09		
  III+IV	 17	 0.95±0.10		
Pathological types				    0.0001
  Papillary cancer	 68	 0.44±0.01		
  Follicular cancer	 23	 0.96±0.06		
  Medullary cancer	 12	 0.86±0.03		
  Undifferentiated cancer	   3	 1.17±0.01		

SEM, standard error of the mean.

Figure 2. LMTK3 level measured in TCP, BTD and HV tissue. (A) LMTK3 expression visualized by immunohistochemistry staining (original magnification, 
x400; scale bar=100 µm). (B) The mRNA expression of LMTK3 was markedly elevated in TCP compared with BTD tissue samples. (C) Protein levels of 
LMTK3 were increased in TCP compared with BTD tissue samples. Data are expressed as the mean ± standard error of the mean (n=35). **P<0.01 vs. BTD 
group. LMTK3, lemur tyrosine kinase‑3; GAPDH, glyceraldehyde 3‑phosphate dehydrogenase; TCP, thyroid cancer patients; BTD, benign tumor diseases; 
HV, healthy volunteers.
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Figure 3. LMTK3 knockdown retarded cell cycle and inhibited proliferation of SW579 cells. (A) The mRNA level of LMTK3 was reduced in the siRNA 
LMTK3 treated group compared with NC (n=6). (B) Protein expression of LMTK3 was significantly inhibited by treatment with LMTK3 siRNA compared 
with NC (n=3). (C) The effect of LMTK3 knockdown on cell cycle distribution in SW579 cells. Histograms illustrate SW579 cells treated with LMTK3 siRNA 
or exposed to NC, respectively (n=6). (D) Cell proliferation assessed by using an MTT assay. The result demonstrated that cell proliferation was decreased by 
treatment with LMTK3 siRNA, n=6. Data are expressed as the mean ± standard error of the mean. **P<0.01 vs. NC. LMTK3, lemur tyrosine kinase‑3; GAPDH, 
glyceraldehyde 3‑phosphate dehydrogenase; siRNA, small interfering RNA; NC, negative control.

Figure 4. LMTK3 siRNA inhibits the migration and invasion of SW579 cells. (A) Migration/invasive cells were imaged following staining with hematoxylin 
(original magnification, x200). (B) Histogram of the number of migrated cells. (C) Histogram of the number of invaded cells. Data are expressed as the 
mean ± standard error of the mean (n=6); **P<0.01 vs. NC. Ctrl, control group; NC, negative control; siRNA, small interfering RNA; LMTK3, lemur tyrosine 
kinase‑3.
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cells were stained using the TUNEL method. The number 
of apoptotic‑positive cells was counted in a high‑power field 
(magnification, x200). Representative images are presented in 
Fig. 5A. A notable increase in the number of apoptotic‑positive 
SW579 cells was observed in the LMTK3 siRNA treatment 
group compared with the Ctrl group. However, the NC group 
displayed no significant differences (Fig. 5B).

Discussion

LMTK3 has been identified as a potential biomarker or prog-
nostic factor in numerous types of cancer, including breast, 
gastric and colorectal cancer. In all of these, it has been 
shown to be increased in cancer cells compared with normal 
tissues (1,27,28). In the present study, a critical association was 
also revealed between the serum LMTK3 level and thyroid 
cancer. It was identified, to the best of our knowledge for the 
first time, that the level of serum and tissue LMTK3 was mark-
edly increased in patients with thyroid cancer (Figs. 1 and 2). 
This indicated that the serum LMTK3 level may be an impor-
tant diagnostic and prognostic marker in thyroid cancer. The 
diagnostic and prognostic significance of the pre‑operative 
serum LMTK3 level have been reported in numerous types 
of cancer. In colorectal cancer patients, the serum LMTK3 

level was reported to be clearly higher compared with healthy 
volunteers, suggesting that serum LMTK3 could be a valu-
able biomarker for predicting the progression and prognosis of 
colorectal cancer (30). Similarly, in non‑small cell lung cancer, 
the serum LMTK3 level was markedly elevated compared with 
a control group (31). Notably, the present study has identified 
that the protein and mRNA level of LMTK3 were signifi-
cantly increased in patients with thyroid cancer. Therefore, it 
may be surmised that LMTK3 is involved in the pathological 
progression of thyroid cancer. The present results suggested 
that LMTK3 knockdown could dominantly inhibit prolifera-
tion, invasion and migration of SW579 cells (Figs. 3 and 4). 
In addition, the results gave a clear indication that suppression 
of LMTK3 could promote apoptosis in SW579 cells (Fig. 5). 
These findings not only helped to elucidate details of the 
mechanism of LMTK3 in regulating the proliferation, inva-
sion and apoptosis in thyroid cancer cells, but also advanced 
the hypothesis that LMTK3 may serve as a novel therapeutic 
target for patients with thyroid cancer.

Hormone‑related cancers, including breast, endo-
metrial, ovarian and thyroid cancer, share carcinogenic 
mechanisms (15). Zhao et al (32) indicated that the exogenous 
delivery of miRNA to target LMTK3 could inhibit cell prolif-
eration in the human breast cancer MCF‑7 cell line. Recently, 

Figure 5. LMTK3 knockdown promoted apoptosis in SW579 cells. (A) Apoptotic cells were determined by TUNEL staining and visualized (magnification, 
x200). Green=apoptotic cells; blue=cell nucleus stained by DAPI. Representative images are presented. (B) Calculation of apoptotic cells. The results indicate 
that LMTK3 knockdown induced apoptosis in SW579 cells (n=6 independent experiments). Data are expressed as the mean ± standard error of the mean. 
**P<0.01 vs. NC. Ctrl, control group; NC, negative control; siRNA, small interfering RNA; LMTK3, lemur tyrosine kinase‑3; DAPI, 4',6‑diamidino‑2‑phenyl-
indole; TUNEL, terminal dUTP nick end labeling.
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it has been demonstrated that LMTK3 co‑localizes with ER in 
the nucleus, increasing ER transcription, stability and activity, 
which is closely associated with progression and disease 
outcome in breast cancer cells (24,27). Notably, in the present 
study it was shown that the increased incidence of thyroid 
cancer is closely associated with dysregulation of LMTK3 
in females (Table I). The results also demonstrated that the 
LMTK3 level was positively associated with the disease stage 
and pathological type (Table II). Taking into account the above 
results and the high level of ER receptor in thyroid cancer, it 
may be hypothesized that LMTK3 knockdown reduced prolif-
eration, invasion and migration of thyroid cancer cells, partly 
by mediating ER activity. However, the underlying molecular 
mechanism governing how LMTK3 mediates ER activity 
remains to be explored.

In conclusion, the results of the present study demonstrated 
that the serum level of LMTK3 is associated with thyroid 
cancer and the disease stage, and thus LMTK3 may be a useful 
biomarker for the diagnosis and prognosis of thyroid cancer. 
In addition, LMTK3 knockdown could inhibit proliferation, 
migration and invasion of thyroid cancer cells. Therefore, 
LMTK3 may serve as a novel therapeutic target for patients 
with thyroid cancer. However, the exact mechanism of LMTK3 
in thyroid cancer cells requires further investigation.
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