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INTRODUCTION 
 

Gastric cancer (GC) is one of the most common causes 

of cancer-related mortality worldwide [1]. Although 

considerable progress has been made in surgical 

treatment and chemotherapy, overall survival (OS) 

remains poor due to tumor recurrence and metastasis 

[2]. The detailed mechanisms underlying GC 

development still remain to be fully elucidated. Further, 

the increase in the cases of relapse and metastasis has 

elicited the need for identification of oncogenic and 

metastases-related biomarkers and the underlying 

mechanisms driving GC progression. 
 

Recent evidence suggests that epithelial-mesenchymal 

transition (EMT) is a key event in tumor invasion and  

 

metastasis [3]. EMT has also been demonstrated to be 

involved in other cancer progression events, such as the 

acquisition of stem cell-like characteristics and 

resistance to chemotherapy [4, 5]. EMT refers to a 

transdifferentiation process of epithelial cells into 

mesenchymal cells, and it is characterized by the loss of 

the epithelial marker E-cadherin, and the gain of the 

mesenchymal marker N-cadherin [3]. This switch in cell 

behavior enhances the ability to accelerate invasion and 

metastasis, controlled by transcription factors such as 

Snail, Slug, ZEB1, ZEB2, and Twist, as well as by 

many different signaling pathways. As previously 

reported, certain signaling factors involved in EMT 

include TGF-β, Wnt/β-catenin, PI3K/AKT, Notch, and 

NF-κB [3, 6, 7]. The interlinked mechanism of cell 

behavior and EMT has a cumulative effect of 
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metastasis both in vitro and in vivo. Conversely, TYRO3 overexpression led to the opposite effects. Mechanistic 
analyses revealed that the Wnt/β-catenin signaling pathway might be involved in TYRO3-facilitated GC cell 
behavior. Collectively, we demonstrated that elevated TYRO3 expression contributed to GC cell growth and 
metastasis via the Wnt/β-catenin pathway, suggesting a novel therapeutic target for GC. 
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augmenting the complexity of the disease, and therefore 

targeting it is of great importance. 

 

Previous studies have revealed that receptor tyrosine 

kinases (RTKs) play important roles in cancer 

progression and have served as ideal therapeutic targets 

in many types of cancers [8]. To the best of our 

knowledge, TYRO3 belongs to the TAM (TYRO3, 

AXL, and MER) receptor family, a unique subfamily of 

RTKs. Although roles for AXL and MER in cancer 

progression have been well-described, less is known 

about the role of TYRO3 [9–10]. Recent studies have 

indicated that TYRO3 could promote cell proliferation, 

invasion, and chemoresistance in several human 

cancers, including bladder cancer [11], colon cancer 

[12], and breast cancer [13]. However, the biological 

function and clinical significance of TYRO3 in GC 

have not yet been elucidated. 

 

In this study, we aimed to investigate the clinical 

significance and the role of TYRO3 in GC tissues, and 

the underlying molecular mechanism responsible for the 

function of TYRO3. 

 

RESULTS 
 

Expression of TYRO3 and its significance in patients 

with GC 

 

To elucidate the role of TYRO3 in GC progression, 

TYRO3 mRNA and protein levels were first examined 

in 55 pairs of GC tissue samples. As shown in Figure 

1A, compared with corresponding normal tissues, the 

expression levels of TYRO3 mRNA were 

significantly higher in GC tissues. A similar result 

was observed for TYRO3 protein analysis using 

western blotting (Figure 1B). Additionally, immuno-

histochemical (IHC) analysis of 110 cases further 

demonstrated that AKIP1, TYRO3, and β-catenin 

expression levels were significantly upregulated in 

GC tissues compared with those in matched normal 

tissues, especially in metastatic GC tissues for 

TYRO3 (Figure 1C and 1D). 

 

Next, an analysis of the clinicopathological features of 

110 GC patients showed that TYRO3 was 

significantly related to tumor size, T stage, pTNM 

stage, and lymph node metastasis (P < 0.05) (Table 

1), suggesting that TYRO3 might play a key role in 

GC progression and metastasis. Table 2 shows that the 

expression level of TRYO3 was positively related to 

that of β-catenin (P < 0.001, contingency coefficient = 

0.487) in GC tissues. Remarkably, Kaplan-Meier 

survival analyses indicated that GC patients with 

higher TYRO3 expression exhibited a shorter OS 

(Figure 1E). 

Furthermore, the expression levels of TYRO3 mRNA 

and protein were evaluated in a normal gastric epithelial 

cell line (GES-1) and GC cell line. Figure 1F and 1G 

show that both mRNA and protein levels of TYRO3 

were higher in GC cell lines than those in GES-1 cells. 

Taken together, these results implied that TYRO3 

overexpression was related to disease progression and 

poor prognosis in GC. 

 

Effects of TYRO3 on GC cell growth 

 

To ascertain the effects of TYRO3 on GC cells, we 

performed gain- and loss-of-function experiments by 

silencing TYRO3 in SGC7901 cells and overexpressing 

TYRO3 in AGS cells (Figure 2A). Among two TYRO3 

short hairpin RNAs (shRNAs), shTYRO3-2 was 

selected for subsequent studies because of its more 

efficient knockdown effect in SGC7901 cells (Figure 

2A). The results revealed that TYRO3 knockdown in 

SGC7901 cells significantly attenuated cell proliferation 

as determined by the Cell Counting Kit-8 (CCK-8) 

assay (Figure 2B) and colony formation assay (Figure 

2C). Conversely, TYRO3 overexpression in AGS cells 

led to the opposite results (Figure 2B and 2C). 

 

To further demonstrate the above findings in vivo, we 

established a subcutaneous xenograft tumor model in 

nude mice. Consistently, we found that TYRO3 

knockdown in SGC7901 cells suppressed tumor growth 

in vivo, as evidenced by a reduction of tumor mass and 

tumor volume (Figure 2D). In contrast, TYRO3 

overexpression in AGS cells resulted in the opposite 

result (Figure 2D). Additionally, IHC analysis of 

transplanted tumors revealed that TYRO3 knockdown 

in SGC7901 cells led to a remarkably downregulated 

expression of Ki-67. As expected, TYRO3 over-

expression in AGS cells resulted in a significantly 

upregulated expression of Ki-67 (Figure 2E). 

Collectively, these data suggested that TYRO3 had an 

oncogenic function and facilitated GC cell growth in 

vitro and in vivo. 

 

Effects of TYRO3 on GC cell invasion and 

metastasis 

 

Next, we investigated the role of TYRO3 in GC cell 

invasion and metastasis. We observed that TYRO3 

overexpression in AGS cells induced a morphological 

change from a cuboidal-like epithelial shape to a spindle 

shaped fibroblastic phenotype. Conversely, TYRO3 

knockdown in SGC7901 cells resulted in a reversal of 

the morphological changes (Figure 3A). The wound-

healing assay showed that TYRO3 overexpression in 

AGS cells showed a significantly more rapid  

wound closure; while TYRO3 knockdown in SGC7901 

cells led to a slower wound closure (Figure 3B). 
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Figure 1. Relative TYRO3 expression in gastric cancer (GC) tissues and cell lines. (A) The qRT-PCR analysis of TYRO3 mRNA 

expression in 55 paired specimens of GC tumor tissues versus corresponding normal tissues. (B) Western blot analyses of TYRO3 protein 
expressions in 55 paired specimens of GC tissues versus matched normal tissues. (C) Representative images of TYRO3 and β-catenin staining 
in surgical specimens from 110 paired of GC tissues with or without metastasis and adjacent normal tissues. (D) Quantitative evaluation of 
TYRO3 expression in tumor tissues and matched normal tissues according to staining scores. (E) Kaplan-Meier analysis of overall survival in 
patients with variable expression of TYRO3. (F) The qRT-PCR analysis of TYRO3 mRNA expression in GC cell lines and normal gastric epithelial 
GES-1 cells. (G) Western blot analyses of TYRO3 protein expressions in GC cell lines and normal gastric epithelial GES-1 cells. Glyceraldehyde 
3-phosphate dehydrogenase was used as a loading control. *P < 0.05. 
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Table 1. Relationship between TYRO3 expression levels and clinicopathological variables in gastric cancer 

Clinicopathological variables n 
TYRO3 

P-value 
+ - 

Age (years) 

≥60 74 40 34 
0.672 

<60 36 21 15 

Sex 

Male 76 44 32 
0.441 

Female 34 17 17 

Tumor size (cm) 

≥5 69 45 24 
0.008 

<5 41 16 25 

Lauren’s classification 

Diffuse 29 15 14 
0.638 

Intestinal 81 46 35 

Lymphatic vessel invasion 

With 48 29 19 
0.357 

Without 62 32 30 

T stage 

T1 + T2 51 20 31 
0.001 

T3 + T4 59 41 18 

pTNM stage 

I + II 49 17 32 
<0.001 

III + IV 61 44 17 

Lymph node metastasis 

With (N1+N2+N3) 67 49 18 
<0.001 

Without (N0) 43 12 31 

 

Table 2. Correlation analysis between TYRO3 expression and β-catenin expression in gastric cancer tissues using the 
chi-square test 

 
TYRO3 

Positive Negative 2 P-value  C 

β-catenin 

  Positive 53 16 34.182 <0.001 0.487 

Negative 8 33 

 

Consistently, the transwell migration and invasion 

assays indicated that TYRO3 knockdown significantly 

suppressed the migration and invasion abilities of 

SGC7901 cells, whereas TYRO3 overexpression 

significantly enhanced the migration and invasion 

abilities of AGS cells (Figure 3C). 

 

To further evaluate the in vivo role of TYRO3 in GC 

cells metastasis, we established a lung metastasis model 

via the injection of GC cells into the caudal vein in nude 

mice. The results indicated that TYRO3 knockdown in 

SGC7901 cells suppressed cell metastasis in vivo, as 

evidenced by a significant decrease in lung metastatic 

nodules (Figure 3D) and a noticeable reversal of the 

EMT as shown by western blot analysis (Figure 3E) and 

IHC analysis (Figure 3F). In contrast, TYRO3 

overexpression in AGS cells led to the opposite 

outcomes (Figure 3D, 3E, and 3F). In summary, these in 

vivo results were consistent with in vitro findings, 

suggesting that TYRO3 facilitated GC cell invasion and 

metastasis both in vitro and in vivo. 
 

The Wnt/β-catenin signaling-mediated EMT is 

involved in TYRO3-induced GC cell growth and 

invasion. 
 

The β-catenin serves as the key protein of the Wnt 

signaling pathway, which leads to transcriptional 
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Figure 2. The effects of TYRO3 knockdown or overexpression on gastric cancer (GC) cell proliferation both in vitro and in 
vivo. (A) Western blot analyses of TYRO3 expressions in GC cells transfected with the TYRO3-shRNA or TYRO3-constructed plasmid. (B) The 

effect of TYRO3-altered expression on GC cell growth using the CCK-8 assay. (C) The effect of TYRO3-altered expression on GC cell growth 
using the colony formation assay. (D) The effect of TYRO3 altered expression on GC cells subcutaneous xenograft growth in nude mice. 
Tumor mass and tumor volume are shown in the right panels (n = 6/group). (E) Immunohistochemical detection of TYRO3 and Ki-67 
expression levels in xenograft tumor samples. Glyceraldehyde 3-phosphate dehydrogenase was used as a loading control. *P < 0.05. 
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Figure 3. The effects of TYRO3 downregulation or upregulation on gastric cancer (GC) cell migration and invasion in vitro and 
metastasis in vivo. (A) Representative images of TYRO3 downregulation or upregulation-induced morphological changes of GC cells. (B) 

The effects of TYRO3 downregulation or upregulation on the migratory capability of GC cells using the wound-healing assay. (C) The effects of 
TYRO3 downregulation or upregulation on the migratory and invasive capabilities of GC cells using the Transwell assay. (D) Representative 
hematoxylin and eosin staining images of lung metastases. Metastatic tumor nodules are indicated by black arrows. (E) Western blot analyses 
of the expression levels of TYRO3, E-cadherin, and N-cadherin in the lung metastatic nodules. (F) Immunohistochemical detection of the 
expression levels of TYRO3 and E-cadherin in the lung metastatic nodules (n = 6/group). Glyceraldehyde 3-phosphate dehydrogenase was 
used as a loading control. *P < 0.05. 
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activation of several genes in the EMT pathway [14]. 

Our study also revealed that TYRO3 expression was 

positively associated with β-catenin expression in GC 

tissues. Therefore, we concluded that the Wnt/β-catenin 

signaling pathway was involved in the TYRO3-

mediated EMT in GC. To test this hypothesis, we 

initially examined the expressions of Wnt/β-catenin 

signaling-related genes with TYRO3 knockdown or 

overexpression in GC cells. As shown in Figure 4A and 

4B, TYRO3 knockdown in SGC7901 cells resulted in 

higher levels of E-cadherin and lower levels of β-

catenin, the transcriptional targets of Wnt/β-catenin 

signaling (including c-myc, cyclinD1, and survivin), 

Slug, and N-cadherin. However, TYRO3 over-

expression in AGS cells led to the opposite outcomes 

(Figure 4A and 4B). Additionally, immunofluorescence 

staining further confirmed the above findings (Figure 

4C). 

 

 
 

Figure 4. The effects of TYRO3 knockdown or overexpression on the epithelial-mesenchymal transition and Wnt/β-catenin 
signaling-related markers in gastric cancer (GC) cells. Following TYRO3 shRNA or overexpression treatment, (A) qRT-PCR, (B) western 

blotting, and (C) immunofluorescence detection of the indicated expression levels (TYRO3, β-catenin, c-myc, cyclinD1, survivin, E-cadherin, 

Slug, and N-cadherin) in modified GC cells. Glyceraldehyde 3-phosphate dehydrogenase was used as a loading control. *P < 0.05. 
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Next, to prove whether the Wnt/β-catenin signaling-

mediated EMT was involved in TYRO3-induced GC cell 

growth and invasion, the specific Wnt/β-catenin signaling 

inhibitor, XAV939, was used in GC cells. The results 

showed that XAV939 treatment resulted in the 

downregulation of the expression levels of the Wnt/β-

catenin signaling-related genes (c-myc, cyclinD1, and 

survivin) and a remarkable reversal of the TYRO3-induced 

EMT (Figure 5A) in AGS cells. In addition, XAV939 

treatment of AGS cells significantly suppressed TYRO3-

facilitated cell growth according to the CCK-8 assay 

(Figure 5B) and colony formation assay (Figure 5C) 

results, as well as TYRO3-induced migration and invasion 

using the Transwell assay (Figure 5D) in AGS cells. 

 

 
 

Figure 5. Wnt/β-catenin signaling involved in TYRO3-facilitated gastric cancer (GC) cell epithelial-mesenchymal transition 
growth, migration, and invasion. (A) Western blot analysis of the indicated expression levels (β-catenin, c-myc, cyclinD1, survivin, E-

cadherin, Slug, and N-cadherin) in modified GC cells treated with the Wnt/β-catenin signaling inhibitor, XAV939 (15 μM). Determination of 
the proliferative capability of modified GC cells with XAV939 (15 μM) treatment using the CCK-8 assay (B) and colony formation assay (C). (D) 
Determination of the migratory and invasive capabilities of modified GC cells with XAV939 (15 μM) treatment, using the Transwell assay. 
Glyceraldehyde 3-phosphate dehydrogenase was used as a loading control. *P < 0.05. 
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Overall, these results suggested that TYRO3 promoted 

GC cell growth and invasion via activation of the 

Wnt/β-catenin signaling-mediated EMT. 

 

DISCUSSION 
 

Over the past few decades, although significant progress 

has been made in the treatment of patients with 

advanced GC, including surgical techniques and 

chemotherapy, tumor recurrence and metastasis remain 

the major cause of death in patients with GC [1, 15, 16]. 

Because of numerous genetic changes responsible for 

cancer cell growth and metastasis [17, 18, 19], efforts 

are urgently needed to identify novel key regulators of 

cancer cell behavior, to expand our understanding of the 

underlying mechanisms involved in cancer cell 

evolution for targeted therapies. Notably, emerging 

evidence has shown that TYRO3 has an important role 

in cell proliferation, invasion, and chemoresistance in 

various types of cancers [9]. Notably, a study revealed 

that TYRO3 knockdown suppressed melanoma cell 

migration and invasion, while TYRO3 overexpression 

led to the opposite outcomes via activation of the 

tyrosyl-phosphorylation of ACTN4, a member of the 

actin binding protein family involved in cancer cell 

motility [10, 20]. Evidence has also supported the 

notion that aberrant expression of TYRO3 contributed 

to tumorigenesis and metastasis in colon cancer, 

suggesting TYRO3 as a drug target in cancer therapy 

[12]. To our knowledge, however, little is known about 

the clinical significance of TYRO3 in GC tissues, and 

its molecular functionality and novel mechanism by 

which TYRO3 influences various physiological 

processes of GC patients. 

 

In the present study, we discovered that TYRO3 was 

upregulated in GC tissues compared with that in 

matched para-carcinoma tissues. Importantly, 

clinicopathological analysis showed that increased 

TYRO3 expression was significantly associated with 

large tumor size, clinical metastasis, and poor 

prognosis, suggesting that TYRO3 overexpression was 

strongly suggestive of the proliferative and metastatic 

state in patients with GC. Next, in vivo and in vitro 

findings showed that TYRO3 knockdown resulted in 

the inhibition of GC cell growth, migration, and 

invasion; however, TYRO3 overexpression led to the 

opposite outcomes. Mechanistic analyses demonstrated 

that TYRO3 promoted cell growth and metastasis 

through the Wnt/β-catenin signaling-mediated EMT in 

GC. 

 

Tumor metastasis is a complex and multistage process, 

and tumor cells must acquire various properties, 

including altered adhesiveness, increased motility, and 

invasive capacity, to escape the confines of the primary 

tumor and establish distant metastases. As well as 

generating cancer stem cells and contributing to therapy 

resistance, the EMT process is believed to be implicated 

in the initial steps of the metastatic cascade by 

conferring an invasive phenotype [16]. Hence, targeted 

reversal of EMT may be an effective strategy for 

treatment of patients with GC. 

 

Herein, an important finding was that the Wnt/β-catenin 

signaling pathway was a mediator involved in the 

TYRO3-induced EMT. First, our findings revealed that 

TYRO3 knockdown reversed the EMT process, 

whereas TYRO3 overexpression accelerated EMT 

evolution, suggesting TYRO3 as an important regulator 

of EMT in GC cells. Second, it is widely accepted that 

the Wnt/β-catenin signaling pathway has been found to 

be activated in approximately 30–50% of GC tissues 

and in several types of GC cell lines [21]. Furthermore, 

blockade of the Wnt/β-catenin signaling suppresses 

EMT as well as the proliferation, migration and 

metastasis of cancer cells [22, 23]. Importantly, it is 

worth noting that β-catenin is a key protein of the WNT 

signaling pathway, and β-catenin overexpression could 

facilitate subsequent transcriptional activation of several 

genes in the EMT, including c-myc, cyclin D1, and 

survivin [14]. In the current study, we showed that 

TYRO3 expression was positively associated with β-

catenin expression in GC tissues. Additionally, TYRO3 

knockdown in SGC7901 cells decreased the expression 

levels of the Wnt/β-catenin target genes, whereas 

TYRO3 overexpression in AGS cells increased their 

expression levels. Third, to further explore whether 

TYRO3 facilitates cell growth and metastasis through 

the Wnt/β-catenin signaling-mediated EMT in GC, the 

specific Wnt/β-catenin signaling inhibitor, XAV939, 

was used to conduct studies involving modified GC 

cells [24]. Our results showed that inhibition of Wnt/β-

catenin signaling weakened not only the TYRO3-

induced EMT, but also cell growth, migration, and 

invasion. Taken together, our data suggested that 

TYRO3 promoted cell growth and metastasis via 

activation of the Wnt/β-catenin signaling pathway in 

GC. 

 

Although β-catenin acted as a downstream effector in 

TYRO3-induced growth, migration, and invasion, it is 

worth further exploration of the in-depth mechanism(s) 

involved in the complex interaction of TYRO3 and β-

catenin. Research has revealed that β-catenin, a key 

molecule of the WNT signaling pathway, is a direct or 

indirect downstream target involved in the aggressive 

behavior of cancer cells [24]. As reported, RSPO2 

suppressed colorectal cancer progression by negatively 

regulating Wnt/β-catenin signaling through an LGR5-

dependent feedback mechanism [25]. Clinically, we 

found that TYRO3 expression was positively correlated 
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with β-catenin expression. To gain more insight into 

TYRO3-mediated β-catenin in GC cells, the LGR5-

dependent feedback mechanism may be worth further 

investigation in future studies. 

 

In summary, our current study emphasized that high 

TYRO3 expression significantly correlated with clinical 

metastasis and poor prognoses in patients with GC, and 

TYRO3 promoted cell growth, invasion, and metastasis 

via activation of the Wnt/β-catenin signaling-mediated 

EMT, thus possibly providing a potential therapeutic 

target for GC. 

 

MATERIALS AND METHODS 
 

Patients, specimens, and cell lines 

 

GC tissue specimens and homologous non-cancerous 

tissues were collected from a total of 110 patients who 

underwent surgical resection at the Fifth Affiliated 

Hospital of Nantong University. Patients enrolled in this 

study had not received preoperative chemotherapy or 

radiotherapy. Written informed consent was obtained 

from all participants. Our study was approved by the 

Ethics Committee of the Fifth Affiliated Hospital of 

Nantong University in accordance with the Declaration 

of Helsinki. 

 

The normal gastric epithelial cell lines (GES-1 and GC 

cell lines, including MKN28, KATO-III, BGC823, 

MGC803, MKN45, AGS, and SGC7901) were obtained 

from the American Type Culture Collection (Manassas, 

VA, USA). All cells were routinely propagated in 

accordance with the manufacturer’s protocols in a 5% 

CO2 humidified incubator at 37°C. 

 

RNA isolation and qRT-PCR 
 

Total RNA was extracted from tissues or cells using 

the TRIzol reagent (Thermo Fisher Scientific, 

Waltham, MA, USA) and reverse-transcribed to 

cDNA with a reverse transcription reagent kit 

(TaKaRa, Kusatsu, Japan). The mRNA level was 

measured using the SYBR Green Assay kit (TaKaRa) 

and the 7500 RT-PCR detection system (Thermo 

Fisher Scientific) following the manufacturer's 

instructions. The mRNA relative expression level was 

normalized to glyceraldehyde 3-phosphate dehydro-

genase (GAPDH), and was quantified by the 2−ΔΔCt 

method. PCR primer sequences are listed in 

Supplementary Table 1. 
 

Western blot analysis 
 

Western blotting was performed according to standard 

techniques as described previously [18]. Briefly, 

samples from tissues or cell lysates were separated by 

SDS-PAGE, transferred onto polyvinylidene difluo-

ride membranes (Millipore, Burlington, MA, USA), 

blocked with 5% nonfat milk, and then probed with 

primary antibodies at 4°C overnight, followed by 

secondary antibody (Sigma-Aldrich, St. Louis, MO, 

USA) for 2 h at room temperature the next day. The 

bands were detected with the enhanced chemi-

luminescence detection reagent (Thermo Fisher 

Scientific). Primary antibodies against TYRO3, β-

catenin, c-myc, cyclinD1, and survivin were obtained 

from Abcam (Cambridge, UK). Primary antibodies 

against E-cadherin, Slug, and N-cadherin were 

obtained from Cell Signaling Technology (Danvers, 

MA, USA). GAPDH antibody, used as the loading 

control, was purchased from Bioworld Technology 

(St. Louis Park, MN, USA). 

 

IHC and evaluation 

 

IHC analysis was performed as described previously [26]. 

Briefly, paraffin-embedded tissue sections were 

deparaffinized, dehydrated, and treated for antigen 

retrieval. Sections were subsequently blocked by 

hydrogen peroxide and normal blocking serum, followed 

by incubation with specific primary antibody overnight. 

The next day, sections were probed with secondary 

antibody (Sigma-Aldrich), stained with diaminobenzidine 

(Boster Biological, Wuhan, China), and scored using a 

light microscope. Primary antibodies against TYRO3, β-

catenin, and Ki-67 were obtained from Abcam. Primary 

antibodies against E-cadherin and N-cadherin were 

obtained from Cell Signaling Technology.  

 

The staining scores were graded as described 

previously [26]. The percentage of staining cells was 

scored on a scale from 0 to 3 (0 for 0–5%; 1 point for 

6–25%; 2 points for 26–50%, and 3 points for 50–

100%). The staining intensity was graded as: 0, 

negative; 1 point, weak; 2 points, moderate; 3 points, 

strong. Positive IHC expression was defined as the 

sum of scores ≥ 3 points, while negative IHC 

expression was considered as the sum of scores < 3 

points. 

 

Transfection 

 

Commercially available TYRO3 shRNA constructs 

were obtained from Invitrogen (Carlsbad, CA, USA) 

[13], and the overexpression construct was purchased 

from OriGene (Rockville, MD, USA) [12]. Scrambled 

sequence or empty vector was employed as a control. 

The transfection was processed using Lipofectamine 

2000, according to the manufacturer’s instruction. The 

efficiency of stably transfected cells was evaluated by 

western blot analysis. 
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CCK-8 assay 

 

CCK-8 (Dojindo, Japan) was used to evaluate cell 

proliferation. Cells (4 × 103) were seeded in a 96-well 

flat-bottom plate. After culturing for 0, 1, 2, 3, and 4 

days, 10 µL CCK-8 solution was added to each well, 

and further incubated for 80 min. The absorbance at 

450 nm was determined for the analysis of cell 

viability. 

 

Colony formation assay 

 

Cells were plated in a 6-well plate, stained with crystal 

violet solution, and counted using a light microscope, 

after a subsequent culture for 14 days. Clone formation 

was regarded as those containing ≥ 50 cells. 

 

Wound-healing assay 

 

Cells were seeded in a 6-well plate and cultured to form 

a monolayer. A straight wound was then generated by 

scraping with a 10-μL plastic pipette tip. The wound 

images were captured at 0 h and 48 h time points to 

monitor the distance remaining. Wound healing = (0 h 

width - 48 h width)/0 h width × 100 %. 

 

Cell migration and invasion assays 

 

Cell migration and invasion assays were conducted as 

described previously [7]. For the migration assay, cells 

were seeded in the upper filter of an 8-µm pore size 

Transwell plate (Corning, Corning, NY, USA) with an 

uncoated membrane. For the invasion assay, the upper 

chamber was coated with a matrix gel basement 

membrane (BD Biosciences, San Jose, CA, USA). In 

both the migration and invasion assays, medium 

containing 20% serum as a chemoattractant was added 

into the lower chamber. After 24 h of incubation, the 

migratory and invasive cells on the bottom surface of 

the chamber were fixed with paraformaldehyde, stained 

with Crystal Violet, and counted using a light 

microscope. 

 

Immunofluorescence staining 

 

After being maintained in a 6-well plate for 24 h, cells 

were fixed with 4% paraformaldehyde and per-

meabilized with Triton X-100. Subsequently, the cells 

were blocked with 5% bovine serum albumin and 

incubated overnight with primary antibodies against 

TYRO3, E-cadherin, or N-cadherin. The next day, the 

cells were incubated with Alexa Fluor-conjugated 

secondary antibody (Bioworld Technology) and then 

stained with 4′,6-diamidino-2-phenylindole. Finally, the 

cells were examined and photographed using a 

fluorescence microscope. 

In vivo tumorigenesis and metastasis assays 

 

Nude athymic BALB/c mice (6-weeks-old) were 

examined in accordance with institutional guidelines, 

and all procedures were approved by the Ethics 

Committee of the Fifth Affiliated Hospital of Nantong 

University. For the tumorigenesis assay, the SGC7901 

shNC or shTYRO3 group cells were injected 

subcutaneously into the flanks of nude mice, followed 

by measurement of the tumor volume at 5-day intervals 

using the formula: volume = (short diameter)2 × (long 

diameter)/2 [27]. Thirty days after injection, the mice 

were sacrificed, and the tumors were harvested for the 

determination of tumor mass as well as IHC analysis of 

the expression levels of TYRO3 and Ki-67. For the 

metastasis assay, the AGS vector or TYRO3 group cells 

were injected intravenously into the tail vein of nude 

mice. After 30 days, the lungs of nude mice were 

removed to count metastatic foci and then subjected to 

western blot and IHC analyses to determine the 

expression levels of TYRO3, E-cadherin, and N-

cadherin. 

 

Statistical analysis 

 

Statistical analyses of clinicopathological characteristics 

were performed using the chi-square method. The 

Kaplan-Meier and log-rank tests were used for survival 

analyses. The data were presented as the mean ± SD, 

and were analyzed by Student's t-test or one-way 

analysis of variance. All statistical comparisons were 

made using SPSS statistical software for Windows, 

version 21.0 (SPSS, Chicago, IL, USA). P < 0.05 was 

considered significant. 

 

CONFLICTS OF INTEREST 
 

The authors declare no conflict of interest. 

 

FUNDING 
 

This work was supported in part by funding from 

Taizhou Science and Technology Support Plan (Social 

Development) Project (TS201732) and China 

Postdoctoral Science Foundation (2019M651926). 

 

REFERENCES 
1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. 

CA Cancer J Clin. 2018; 68:7–30. 
 https://doi.org/10.3322/caac.21442 PMID:29313949 

2. Catalano V, Labianca R, Beretta GD, Gatta G, de Braud 
F, Van Cutsem E. Gastric cancer. Crit Rev Oncol 
Hematol. 2009; 71:127–64. 

 https://doi.org/10.1016/j.critrevonc.2009.01.004 
PMID:19230702 

https://doi.org/10.3322/caac.21442
https://www.ncbi.nlm.nih.gov/pubmed/29313949
https://doi.org/10.1016/j.critrevonc.2009.01.004
https://www.ncbi.nlm.nih.gov/pubmed/19230702


 

www.aging-us.com 2272 AGING 

3. Lamouille S, Xu J, Derynck R. Molecular mechanisms of 
epithelial-mesenchymal transition. Nat Rev Mol Cell 
Biol. 2014; 15:178–96. 

 https://doi.org/10.1038/nrm3758  
PMID:24556840 

4. Cai Z, Cao Y, Luo Y, Hu H, Ling H. Signalling 
mechanism(s) of epithelial-mesenchymal transition 
and cancer stem cells in tumour therapeutic resistance. 
Clin Chim Acta. 2018; 483:156–63. 

 https://doi.org/10.1016/j.cca.2018.04.033 
PMID:29709449 

5. Brabletz T, Kalluri R, Nieto MA, Weinberg RA. EMT in 
cancer. Nat Rev Cancer. 2018; 18:128–34. 

 https://doi.org/10.1038/nrc.2017.118 PMID:29326430 

6. Chen DH, Yu JW, Jiang BJ. Contactin 1: A potential 
therapeutic target and biomarker in gastric cancer. 
World J Gastroenterol. 2015; 21:9707–16. 

 https://doi.org/10.3748/wjg.v21.i33.9707 
PMID:26361417 

7. Chen D, Cao G, Qiao C, Liu G, Zhou H, Liu Q. Alpha B-
crystallin promotes the invasion and metastasis of 
gastric cancer via NF-κB-induced epithelial-
mesenchymal transition. J Cell Mol Med. 2018; 
22:3215–22. 

 https://doi.org/10.1111/jcmm.13602 PMID:29566309 

8. Lemmon MA, Schlessinger J. Cell signaling by receptor 
tyrosine kinases. Cell. 2010; 141:1117–34. 

 https://doi.org/10.1016/j.cell.2010.06.011 
PMID:20602996 

9. Smart SK, Vasileiadi E, Wang X, DeRyckere D, Graham 
DK. The Emerging Role of TYRO3 as a Therapeutic 
Target in Cancer. Cancers (Basel). 2018; 10:E474. 

 https://doi.org/10.3390/cancers10120474 
PMID:30501104 

10. Hsu PL, Jou J, Tsai SJ. TYRO3: A potential therapeutic 
target in cancer. Exp Biol Med (Maywood). 2019; 
244:83–99. 

 https://doi.org/10.1177/1535370219828195 
PMID:30714403 

11. Dufour F, Silina L, Neyret-Kahn H, Moreno-Vega A, 
Krucker C, Karboul N, Dorland-Galliot M, Maillé P, 
Chapeaublanc E, Allory Y, Stransky N, Haegel H, 
Menguy T, et al. TYRO3 as a molecular target for 
growth inhibition and apoptosis induction in bladder 
cancer. Br J Cancer. 2019; 120:555–64. 

 https://doi.org/10.1038/s41416-019-0397-6 
PMID:30765874 

12. Chien CW, Hou PC, Wu HC, Chang YL, Lin SC, Lin SC, Lin 
BW, Lee JC, Chang YJ, Sun HS, Tsai SJ. Targeting TYRO3 
inhibits epithelial-mesenchymal transition and 
increases drug sensitivity in colon cancer. Oncogene. 
2016; 35:5872–81. 

 https://doi.org/10.1038/onc.2016.120 PMID:27132510 

13. Ekyalongo RC, Mukohara T, Funakoshi Y, Tomioka H, 
Kataoka Y, Shimono Y, Chayahara N, Toyoda M, Kiyota 
N, Minami H. TYRO3 as a potential therapeutic target 
in breast cancer. Anticancer Res. 2014; 34:3337–45. 

 https://doi.org/10.1158/1535-7163.targ-13-c186 
PMID:24982338 

14. Tian X, Liu Z, Niu B, Zhang J, Tan TK, Lee SR, Zhao Y, 
Harris DC, Zheng G. E-cadherin/β-catenin complex and 
the epithelial barrier. J Biomed Biotechnol. 2011; 
2011:567305. 

 https://doi.org/10.1155/2011/567305  
PMID:22007144 

15. Gupta GP, Massagué J. Cancer metastasis: building a 
framework. Cell. 2006; 127:679–95. 

 https://doi.org/10.1016/j.cell.2006.11.001 
PMID:17110329 

16. Davis FM, Stewart TA, Thompson EW, Monteith GR. 
Targeting EMT in cancer: opportunities for 
pharmacological intervention. Trends Pharmacol Sci. 
2014; 35:479–88. 

 https://doi.org/10.1016/j.tips.2014.06.006 
PMID:25042456 

17. Chaffer CL, Weinberg RA. A perspective on cancer cell 
metastasis. Science. 2011; 331:1559–64. 

 https://doi.org/10.1126/science.1203543 
PMID:21436443 

18. Chen D, Zhou H, Liu G, Zhao Y, Cao G, Liu Q. SPOCK1 
promotes the invasion and metastasis of gastric cancer 
through Slug-induced epithelial-mesenchymal 
transition. J Cell Mol Med. 2018; 22:797–807. 

 https://doi.org/10.1111/jcmm.13602  
PMID:28940639 

19. Zhou T, Yu L, Huang J, Zhao X, Li Y, Hu Y, Lei Y. GDF10 
inhibits proliferation and epithelial-mesenchymal 
transition in triple-negative breast cancer via 
upregulation of Smad7. Aging (Albany NY). 2019; 
11:3298–314. 

 https://doi.org/10.18632/aging.101983 
PMID:31147529 

20. Shao H, Wang A, Lauffenburger D, Wells A. Tyro3-
mediated phosphorylation of ACTN4 at tyrosines is 
FAK-dependent and decreases susceptibility to 
cleavage by m-Calpain. Int J Biochem Cell Biol. 2018; 
95:73–84. 

 https://doi.org/10.1016/j.biocel.2017.12.014 
PMID:29274473 

21. Ikenoue T, Ijichi H, Kato N, Kanai F, Masaki T, Rengifo 
W, Okamoto M, Matsumura M, Kawabe T, Shiratori Y, 
Omata M. Analysis of the beta-catenin/T cell factor 
signaling pathway in 36 gastrointestinal and liver 
cancer cells. Jpn J Cancer Res. 2002; 93:1213–20. 

https://doi.org/10.1038/nrm3758
https://www.ncbi.nlm.nih.gov/pubmed/24556840
https://doi.org/10.1016/j.cca.2018.04.033
https://www.ncbi.nlm.nih.gov/pubmed/29709449
https://doi.org/10.1038/nrc.2017.118
https://www.ncbi.nlm.nih.gov/pubmed/29326430
https://doi.org/10.3748/wjg.v21.i33.9707
https://www.ncbi.nlm.nih.gov/pubmed/26361417
https://doi.org/10.1111/jcmm.13602
https://www.ncbi.nlm.nih.gov/pubmed/29566309
https://doi.org/10.1016/j.cell.2010.06.011
https://www.ncbi.nlm.nih.gov/pubmed/20602996
https://doi.org/10.3390/cancers10120474
https://www.ncbi.nlm.nih.gov/pubmed/30501104
https://doi.org/10.1177/1535370219828195
https://www.ncbi.nlm.nih.gov/pubmed/30714403
https://doi.org/10.1038/s41416-019-0397-6
https://www.ncbi.nlm.nih.gov/pubmed/30765874
https://doi.org/10.1038/onc.2016.120
https://www.ncbi.nlm.nih.gov/pubmed/27132510
https://doi.org/10.1158/1535-7163.targ-13-c186
https://www.ncbi.nlm.nih.gov/pubmed/24982338
https://doi.org/10.1155/2011/567305
https://www.ncbi.nlm.nih.gov/pubmed/22007144
https://doi.org/10.1016/j.cell.2006.11.001
https://www.ncbi.nlm.nih.gov/pubmed/17110329
https://doi.org/10.1016/j.tips.2014.06.006
https://www.ncbi.nlm.nih.gov/pubmed/25042456
https://doi.org/10.1126/science.1203543
https://www.ncbi.nlm.nih.gov/pubmed/21436443
https://doi.org/10.1111/jcmm.13602
https://www.ncbi.nlm.nih.gov/pubmed/28940639
https://doi.org/10.18632/aging.101983
https://www.ncbi.nlm.nih.gov/pubmed/31147529
https://doi.org/10.1016/j.biocel.2017.12.014
https://www.ncbi.nlm.nih.gov/pubmed/29274473


 

www.aging-us.com 2273 AGING 

 https://doi.org/10.1111/j.1349-7006.2002.tb01226.x 
PMID:12460462 

22. Zhang J, Wen X, Ren XY, Li YQ, Tang XR, Wang YQ, He 
QM, Yang XJ, Sun Y, Liu N, Ma J. YPEL3 suppresses 
epithelial-mesenchymal transition and metastasis of 
nasopharyngeal carcinoma cells through the Wnt/β-
catenin signaling pathway. J Exp Clin Cancer Res. 
2016; 35:109. 

 https://doi.org/10.1186/s13046-016-0384-1 
PMID:27400785 

23. Liang TS, Zheng YJ, Wang J, Zhao JY, Yang DK, Liu ZS. 
MicroRNA-506 inhibits tumor growth and metastasis in 
nasopharyngeal carcinoma through the inactivation of 
the Wnt/β-catenin signaling pathway by down-
regulating LHX2. J Exp Clin Cancer Res. 2019; 38:97. 

 https://doi.org/10.1186/s13046-019-1023-4 
PMID:30791932 

24. Sun J, Zhang T, Cheng M, Hong L, Zhang C, Xie M, Sun 
P, Fan R, Wang Z, Wang L, Zhong J. TRIM29 facilitates 
the epithelial-to-mesenchymal transition and the 
progression of colorectal cancer via the activation of 

the Wnt/β-catenin signaling pathway. J Exp Clin Cancer 
Res. 2019; 38:104. 

 https://doi.org/10.1186/s13046-019-1098-y 
PMID:30813948 

25. Wu C, Qiu S, Lu L, Zou J, Li WF, Wang O, Zhao H, Wang 
H, Tang J, Chen L, Xu T, Sun Z, Liao W, et al. RSPO2-
LGR5 signaling has tumour-suppressive activity in 
colorectal cancer. Nat Commun. 2014; 5:3149. 

 https://doi.org/10.1038/ncomms4149 PMID:24476626 

26. Chen D, Cao G, Liu Q. A-kinase-interacting protein 1 
facilitates growth and metastasis of gastric cancer cells 
via Slug-induced epithelial-mesenchymal transition. J 
Cell Mol Med. 2019; 23:4434–42. 

 https://doi.org/10.1111/jcmm.14339 PMID:31020809 

27. Cao G, Chen D, Liu G, Pan Y, Liu Q. CPEB4 promotes 
growth and metastasis of gastric cancer cells via ZEB1-
mediated epithelial- mesenchymal transition. 
OncoTargets Ther. 2018; 11:6153–65. 

 https://doi.org/10.2147/OTT.S175428 PMID:30288051 

 

  

https://doi.org/10.1111/j.1349-7006.2002.tb01226.x
https://www.ncbi.nlm.nih.gov/pubmed/12460462
https://doi.org/10.1186/s13046-016-0384-1
https://www.ncbi.nlm.nih.gov/pubmed/27400785
https://doi.org/10.1186/s13046-019-1023-4
https://www.ncbi.nlm.nih.gov/pubmed/30791932
https://doi.org/10.1186/s13046-019-1098-y
https://www.ncbi.nlm.nih.gov/pubmed/30813948
https://doi.org/10.1038/ncomms4149
https://www.ncbi.nlm.nih.gov/pubmed/24476626
https://doi.org/10.1111/jcmm.14339
https://www.ncbi.nlm.nih.gov/pubmed/31020809
https://doi.org/10.2147/OTT.S175428
https://www.ncbi.nlm.nih.gov/pubmed/30288051


 

www.aging-us.com 2274 AGING 

SUPPLEMENTARY MATERIALS 

 
 

Supplementary Table 1. Primers designed for qRT-PCR. 

Genes 
Sequence (5'–3') 

Forward Reverse 

TYRO3 GAGGATGGGGGTGAAACC ACTGTGAAAAATGGCACACCT 

β-catenin GCTGATTTGATGGAGTTGGA TCAGCTACTTGTTCTTGAGTGAA 

C-myc CCTCCACTCGGAAGGACTATC TGTTCGCCTCTTGACATTCTC 

CyclinD1 GTGCTGCGAAGTGGAAACC ATCCAGGTGGCGACGATCT 

Survivin ATGGGTGCCCCGACGTTG ATGGGTGCCCCGACGTTG 

E-cadherin CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG 

Slug TTCGGACCCACACATTACCT GCAGTGAGGGCAAGAAAAAG 

N-cadherin TCAGGCGTCTGTAGAGGCTT ATGCACATCCTTCGATAAGACTG 

GAPDH AGGGGCCATCCACAGTCTTC AGAAGGCTGGGGCTCATTTG 

 


