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Abstract. SET and MYND domain-containing protein 
3 (SMYD3) is a lysine methyltransferase, and its aberrant 
expression has been implicated in several malignancies. 
However, its clinical and biological roles in non-small cell lung 
cancer (NSCLC) remain unclear. In the present study, it was 
revealed that SMYD3 was significantly upregulated in NSCLC 
tissues, as compared with paired adjacent normal tissues. A high 
SMYD3 expression was associated with aggressive clinicopath-
ological characteristics, as well as poor disease-free survival and 
overall survival (OS) in NSCLC patients. Multivariate analysis 
revealed that SMYD3 overexpression was an independent 
predictor of poor OS in NSCLC patients. In addition, SMYD3 

knockdown inhibited cell proliferation, triggered apoptosis, 
and blocked migration and invasion in NSCLC cells in vitro, 
whereas stable SMYD3 overexpression promoted NSCLC cell 
proliferation. Furthermore, the SMYD3-silenced NSCLC cells 
became more sensitive, whereas the SMYD3-overexpressed 
NSCLC cells became more resistant to the apoptosis induced 
by cisplatin. Mechanistic analysis revealed that SMYD3 
knockdown led to the upregulation of Bim, Bak and Bax, and 
the downregulation of Bcl-2, Bcl-xl, MMP-2 and MMP-9 in 
NSCLC cells. In combination, the present findings indicated 
that SMYD3 has oncogenic potential in the context of NSCLC, 
providing evidence that may be exploited for both prognostic 
and therapeutic purposes in the future.

Introduction

Lung cancer is the most commonly diagnosed cancer and the 
leading cause of cancer-related mortality worldwide, with 
approximately 2.1 million new cases and 1.8 million deaths 
in 2018 (1). Non-small cell lung cancer (NSCLC) is the 
major histological subtype of lung cancer, which accounts for 
80-85% of all cases (2). Despite recent advances in the treat-
ment of NSCLC, such as targeted therapy and immunotherapy, 
the long-term prognosis for NSCLC patients remains poor, and 
the 5-year survival rate is less than 15% (3). Therefore, it is 
urgently required to elucidate the detailed molecular patho-
genesis of NSCLC, so as to identify more accurate prognostic 
markers and therapeutic targets.

SET and MYND domain-containing protein 3 (SMYD3) 
is a member of the SET and MYND domain family, a special 
class of histone and non-histone lysine methyltransferase (4). 
SMYD3 functions by catalyzing lysine methylation, mainly 
through the bi/trimethylation of histone H3 at lysine 4 (H3K4), 
to render chromatin more accessible and activate downstream 
gene transcription (5,6). In addition, SMYD3 can transacti-
vate downstream targets by binding to the 5'-CCCTCC-3' or 
5'-GCAGGG-3' motif in the promoter region of target genes, 
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and interacting with RNA polymerase II and RNA helicase (5). 
In the past decade, emerging evidence has suggested an onco-
genic role of SMYD3 in human cancer. The overexpression of 
SMYD3 has been observed in breast, hepatocellular, colorectal, 
gastric, bladder, prostate, cervical, glioma and esophageal squa-
mous cell carcinomas, where it was revealed to be involved in 
cell proliferation, migration, invasion, epithelial-mesenchymal 
transition and autophagic activation (7-14). Furthermore, a vari-
able number of tandem repeat (VNTR) polymorphism in the 
SMYD3 promoter region, namely homozygosity for an allele 
with three tandem repeats of a CCGCC (3/3), was found to be 
associated with an increased risk of breast, hepatocellular and 
colorectal carcinomas (15). As for NSCLC, Barlesi et al found 
that the SMYD3 VNTR genotype was not correlated with 
either the tested clinicopathological characteristics or the risk 
of NSCLC (16). However, the expression of SMYD3 on protein 
levels in clinical NSCLC samples, as well as the functional role 
of SMYD3 in NSCLC progression, remain unknown.

In the present study, the expression of SMYD3 in NSCLC 
and matched adjacent normal tissues was evaluated by 
immunohistochemistry (IHC), and its clinical and prognostic 
significance was analyzed. Moreover, the biological roles of 
SMYD3 in NSCLC cell proliferation, apoptosis, migration, 
invasion and drug resistance, as well as the molecular basis 
for such effects, were also characterized. The present find-
ings demonstrated that SMYD3 may serve as an oncogene 
in NSCLC development and progression, recommending 
SMYD3 as a promising prognostic marker and therapeutic 
target for NSCLC.

Materials and methods

Patients and tissue microarray (TMA). Primary NSCLC and 
corresponding pericarcinous lung tissues were consecutively 
collected from patients (89 men, 66 women; mean ± SD 
age 62.35 ± 10 years, range 38 to 81 years) who underwent 
surgical resection at Fudan University Shanghai Cancer 
Center (Shanghai, China) between 2010 and 2012. TMAs were 
constructed as previously described (17). Two cores with a 
1.6‑mm diameter were obtained from the original paraffin block 
of each sample. Clinicopathological information was retrospec-
tively reviewed, and survival data was recorded on the basis of 
follow-up clinic visits or telephone calls. The pathological stages 
were determined based on the 7th edition of the lung cancer 
staging system proposed by the International Association for the 
Study of Lung Cancer (IASLC) (18). Patients who had received 
neoadjuvant chemotherapy or radiotherapy, or had a history of 
other malignancies were excluded. In total, 155 NSCLC cases 
were enrolled. The present study was approved by the Ethics 
Committee of Fudan University Shanghai Cancer Center. All 
experiments were in accordance with the declaration of Helsinki 
and the approved guidelines of our institution. Written informed 
consent was obtained from all participants.

IHC. The TMAs were subjected to IHC using anti-SMYD3 
antibody (1:800; cat. no. ab187149, Abcam) as previously 
described (9). Concentration‑matched nonspecific rabbit IgG 
was used as an isotype control. The IHC results were reviewed 
again by two trained pathologists. Staining intensity was scored 
as follows: Negative (0), weak (1), moderate (2) and intense (3). 

The percentage of positive cells was scored as follows: 0% (0), 
1‑25% (1), 26‑50% (2), 51‑75% (3) and 76‑100% (4). The final 
SMYD3 IHC score was the multiplication of these two scores, 
which were defined as low (scores of 0‑3) or high (scores of 4‑12).

Cell culture and cell proliferation assay. Human NSCLC 
H727, A549, NCI-H1299, H1650, NCI-H1975, HCC4006, PC-9, 
HCC827, H2170 and H226 cell lines, and human bronchial 
epithelial BEAS-2B cell line were obtained from the American 
Type Culture Collection (ATCC), and cultured in RPMI-1640 
or DMEM (Thermo Fisher Scientific, Inc.) supplemented with 
10% fetal bovine serum (FBS). All cells were authenticated 
by short tandem repeat profiling (Thermo Fisher Scientific, 
Inc.) and confirmed to be mycoplasma‑free. The in vitro cell 
proliferation was examined by sulforhodamine B (SRB) assay. 
Briefly, the cells in 96‑well plates were fixed by gently adding 
cold trichloroacetic acid (100 µl; 10%) and incubated for 30 min 
at 4˚C. The supernatant was discarded, and the plates were 
washed three times with tap water and air dried. SRB solution 
(100 µl; 0.4% in 1% acetic acid) was added, and the plates were 
incubated for 20 min at room temperature. The unconjugated 
SRB was washed by 1% acetic acid, and the conjugated SRB 
was dissolved in Tris solution (100 µl; 10 mM). The absorbance 
was measured at 560 nm using a microplate reader. 

siRNA Transfection. Cells (1x105 cells/well in 6-well 
plates) were transfected with siRNA using Lipofectamine 
RNAiMAX (Thermo Fisher Scientific, Inc.), following 
the manufacturer's instructions. The target sequences of 
double-stranded nucleotides used in siRNA transfection were 
5'-GCAGAGTTGTCTTCAAACT-3'(SMYD3siRNA-1) and 
5'-GGATGCTGATATGCTAACT-3'(SMYD3siRNA-2) for 
SMYD3 knockdown, and 5'-TTCTCCGAACGTGTCACGT-3' 
as a negative control (NC) (Shanghai GenePharma Co., Ltd.).

Lentiviral vectors and cell infection. Lentiviral vectors 
were constructed with OBiO Biotechnology, using pRLe
nti-CMV-SMYD3-3FLAG-PGK-Puro plasmids, which 
carry the full-length human SMYD3 (GenBank accession 
NM_001167740.2) coding sequence. Cell infection was 
performed as in our previous study (19). 

Western blotting. Western blot analysis was performed as 
previously described (9). The primary antibodies, including 
anti-SMYD3 (cat. no. ab187149, Abcam), anti-Bcl-2-like protein 
11 (Bim; cat. no. 2933S), anti-Bcl-2 homologous antagonist/killer 
(Bak; cat. no. 6947S), anti-Bax (cat. no. 14796S), anti-B-cell 
lymphoma 2 (Bcl-2; cat. no. 15071S), anti-Bcl-xl (cat. no. 2764S), 
anti-matrix metalloproteinase-2 (MMP-2; cat. no. 13132S), 
anti-MMP-9 (cat. no. 13667S) and anti-β-actin (cat. no. 3700S; 
all 1:1,000; all from Cell Signaling Technology, Inc.) were used 
at the manufacturer's recommended dilution. The secondary 
antibodies were peroxidase AffiniPure goat anti-rabbit IgG 
(cat. no. 111-035-003) or anti-mouse IgG (cat. no. 115-035-003; 
both 1:3,000; both from Jackson ImmunoResearch, Inc.). 
Densitometric analysis was performed using ImageJ software 
(v1.47, Rawak Software, Inc.). The measured intensities for 
all samples were first normalized to their respective internal 
controls and then were compared with BEAS-2B cells, which 
was set to 100%.
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Cell apoptosis analysis. NSCLC cells (1x105 cells per tube) 
were harvested with EDTA-free trypsin 72 h after transfection, 
stained using a FITC Annexin V Apoptosis Detection kit (BD 
Biosciences) following the manufacturer's protocol, and then 
examined using a flow cytometer (BD Biosciences). For the 
evaluation of cisplatin resistance, SMYD3-silenced or -over-
expressed NSCLC cells were treated with cisplatin (Majorbio 
Bio-Pharm) at various doses (1, 2 and 4 µM for A549; 0.7, 1.5 
and 3 µM for PC-9; 1, 2 and 5 µM for H1299) for 72 h, and then 
harvested for cell apoptosis analysis.

Cell migration and invasion assays. Cell migration and inva-
sion assays were conducted using the Transwell method, as 
previously described (12). The number of migrated or invaded 

cells were counted using a bright‑field imaging system on a 
microscope (Olympus BX51; Olympus Corporation) with five 
randomly selected fields (magnification, x200).

Statistical analysis. Statistical analysis was conducted with 
SPSS v19.0 (IBM Corp.). Comparisons between two groups 
were performed using Student's t-test. Associations between 
two categorical variables were examined using Chi-square test 
or Fisher's exact test. The survival curves were plotted using 
the Kaplan Meier method, and compared using the log-rank 
test. Univariate and multivariate Cox proportional hazard 
models were employed to identify independent predictors. All 
tests were two sided and P<0.05 was considered to indicate a 
statistically significant difference.

Figure 1. SMYD3 is upregulated in NSCLC tissues. (A) Representative IHC images of high or low SMYD3 expression in 155 NSCLC tissues (upper panel; 
scale bar, 50 µm). Images of SMYD3 expression in corresponding pericarcinous lung tissues are also presented (lower panel). Isotype control: The primary 
antibody was replaced with a non‑specific rabbit IgG antibody. Positive control: SMYD3 expression in human colonic carcinoma tissue. (B) The IHC score 
of SMYD3 was higher in NSCLC tissues than in pericarcinous lung tissues (P<0.001). SMYD3, SET and MYND domain-containing protein 3; NSCLC, 
non-small cell lung cancer; IHC, immunohistochemistry.

Table I. Protein expression levels of SMYD3 in NSCLC and corresponding pericarcinous lung tissues.

 SMYD3
 ---------------------------------------------------------------------
Tissue sample No. of patients Low (%) High (%) P-value

NSCLC 155 80 (51.6) 75 (48.4) <0.001a

Peri-cancer 155 150 (96.8) 5 (3.2) 

aData were analyzed using Chi-square test. SMYD3, SET and MYND domain-containing protein 3; NSCLC, non-small cell lung cancer.
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Results

SMYD3 is upregulated in NSCLC and associated with aggres‑
sive clinicopathological characteristics. The expression of 
SMYD3 was assessed in 155 pairs of NSCLC and corre-
sponding pericarcinous lung tissues by IHC. Representative 
images revealed that SMYD3 expression was mainly local-
ized in the cytoplasm of NSCLC cells (Fig. 1A), which was 
consistent with previous studies (20,21). It was determined 
that SMYD3 was significantly upregulated in NSCLC tissues 
compared with that in pericarcinous lung tissues (Fig. 1B).

To analyze the association between SMYD3 and clini-
copathological characteristics, 155 NSCLC specimens were 
divided into ‘SMYD3 high’ (scores of 4-12) and ‘SMYD3 low’ 

(scores of 0-3) groups, according to the median expression value. 
Consistent with the aforementioned findings, the proportion of 
‘SMYD3 high’ samples was significantly higher in NSCLC 
than in paired normal lung tissues (48.4 vs. 3.2%, P<0.001) 
(Table I). The present results revealed that a high SMYD3 
expression was significantly associated with never‑smoked 
history, more advanced pathological stage, larger tumor size, 
and the presence of lymphovascular invasion (LVI), pleural 
invasion (PI) and distant metastasis (Table II).

High SMYD3 expression predicts poor outcomes in NSCLC 
patients. The prognostic significance of SMYD3 in NSCLC 
was analyzed. One hundred and thirty-one NSCLC patients 
qualified for survival analysis, due to sufficient follow-up. 

Table II. Clinicopathological characteristics according to SMYD3 protein expression in NSCLC.

 SMYD3
 --------------------------------------------------------------------
Variables No. of patients High (%) Low (%) P-value

Sex    
  Male 89 39 (43.8) 50 (56.2) 0.186a

  Female 66 36 (54.5) 30 (45.5) 
Age (years)    
  >60 94 41 (43.6) 53 (56.4) 0.14a

  ≤60 61 34 (55.7) 27 (44.3) 
Smoking history    
  Ever 68 26 (38.2) 42 (61.8) 0.025a

  Never 87 49 (56.3) 38 (43.7) 
Stage    
  I 66 25 (37.9) 41 (62.1) 0.024a

  II-IV 89 50 (56.2) 39 (43.8) 
Tumor size (cm)    
  > 3.0 76 43 (56.6) 33 (43.4) 0.045a

  ≤ 3.0 79 32 (40.5) 47 (59.5) 
LVI    
  Present 41 34 (82.9) 7 (17.1) <0.001a

  Absent 114 41 (36.0) 73 (64.0) 
PI    
  Present 65 38 (58.5) 27 (41.5) 0.033a 
  Absent 90 37 (41.1) 53 (58.9) 
N status    
  N0 79 33 (41.8) 46 (58.2) 0.093a 
  N1/N2N3 76 42 (55.3) 34 (44.7) 
M status    
  M0 150 70 (46.7) 80 (53.3) 0.025b 
  M1 5 5 (100) 0 (0) 
Differentiation    
 Well/moderate 109 55 (50.5) 54 (49.5) 0.427a 
Poor 46 20 (43.5) 26 (56.5) 

aData were analyzed using Chi-square test. bData were analyzed using Fisher's exact test. SMYD3, SET and MYND domain-containing 
protein 3; NSCLC, non-small cell lung cancer; LVI, lymphovascular invasion; PI, pleural invasion.
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It was revealed that disease-free survival (DFS) and overall 
survival (OS) were significantly worse in patients with a high 
than in patients with a low SMYD3 expression (Fig. 2A and B).

It was also determined whether SMYD3 has predictive 
value for clinical outcomes in NSCLC patients. Univariate 
Cox regression analysis revealed that age at diagnosis 

(>60 years), advanced pathological stage and PI were 
correlated with poor DFS in NSCLC patients, and that age 
at diagnosis (>60 years), advanced pathological stage and 
high SMYD3 expression were correlated with poor OS 
(Tables III and IV). Furthermore, multivariate Cox regression 
analysis demonstrated that advanced pathological stage and 

Figure 2. Kaplan‑Meier analysis of DFS and OS in NSCLC patients according to SMYD3 expression. (A) DFS and (B) OS were significantly worse in 
high-SMYD3 expression patients than in low-SMYD3 expression patients. DFS, disease-free survival; OS, overall survival; NSCLC, non-small cell lung cancer.

Figure 3. SMYD3 promotes NSCLC cell proliferation in vitro. (A) Western blot analysis of SMYD3 protein expression in a human bronchial epithelial 
BEAS-2B cells and the listed NSCLC cell lines (upper panel). Relative SMYD3 protein expression in each cell line was examined using densitometric 
analysis (lower panel). β-actin was used as an internal control. (B) A549 and (C) PC-9 cells were transfected with NC- or SMYD3-siRNAs. (D) H1299 cells 
were infected with lentiviral vectors to establish mock or SMYD3‑overexpressed stable cell lines. Expression of SMYD3 protein was confirmed by western 
blotting (upper images). Cell proliferation was examined using SRB assay at different time-points (lower curves). All experiments were repeated at least three 
times. Data are presented as the mean ± SD. *P<0.05, compared with the NC or mock group. SMYD3, SET and MYND domain-containing protein 3; NSCLC, 
non-small cell lung cancer; SRB, sulforhodamine B.
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PI were independent predictors for poor DFS, and that age at 
diagnosis (>60 year), advanced pathological stage and high 
SMYD3 expression were independent predictors for poor OS 
(Table III and IV).  

In combination, the present findings indicated that SMYD3 
was upregulated in NSCLC and associated with aggressive 
clinicopathological characteristics. SMYD3 can serve as an 
adverse prognostic marker for NSCLC, and may be involved 
in NSCLC development and progression.

SMYD3 promotes the proliferation of NSCLC cells in vitro. 
Next, the potential biological role of SMYD3 in NSCLC was 
investigated. The expression levels of SMYD3 protein in 
NSCLC cell lines were examined by western blot analysis. As 
presented in Fig. 3A, SMYD3 protein expression was higher 
in most NSCLC cell lines (H727, A549, H1975, PC-9, H2170 
and H226) compared with that in human bronchial epithelial 

BEAS-2B cells. H727, A549, H1975, PC-9, H2170 and H226 
cells exhibited a higher SMYD3 expression than that of 
H1299, H1650, HCC4006 or HCC827 cells (Fig. 3A). Next, 
SMYD3-siRNA transfections were performed in endogenous 
high-SMYD3-expressing cells. It was determined that SMYD3 
knockdown led to a significant reduction in the proliferation 
rate of A549 and PC-9 cells in vitro (Fig. 3B and C). By contrast, 
enforced SMYD3 in endogenous low-SMYD3-expressing cells 
H1299 significantly promoted cell proliferation compared to a 
mock group (Fig. 3D), indicating an important role of SMYD3 
in NSCLC cell proliferation.

SMYD3 knockdown triggers apoptosis by affecting pro‑apop‑
totic and anti‑apoptotic proteins in NSCLC cells. Apoptosis 
is considered an important approach in the inhibition of cell 
proliferation. In order to elucidate the mechanism underlying 
SMYD3 knockdown-induced proliferation reduction in 

Table III. Univariate and multivariate Cox regression analysis for DFS in NSCLC.

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

Sex      
  Male 1     
  Female 1.586 0.665-3.78 0.298   
Age (years)      
  ≤60 1   1  
  >60 1.819 1.022-3.24 0.042 1.712 0.998-2.938 0.051
Smoking history      
  Never      
  Ever 1.689 0.72-3.96 0.228   
Stage      
  I 1   1  
  II-IV 4.912 2.612-9.237 <0.001 5.342 2.924-9.759 <0.001
Tumor size (cm)      
  ≤3.0 1     
  >3.0 1.202 0.695-2.076 0.511   
LVI      
  Absent 1     
  Present 1.221 0.639-2.331 0.545   
PI      
  Absent    1  
  Present 1.812 1.054-3.114 0.031 1.927 1.142-3.251 0.014
Differentiation      
  Well/moderate 1     
Poor 0.919 0.492-1.717 0.792   
SMYD3      
  Low 1     
High 1.462 0.788-2.714 0.228   

DFS, disease‑free survival; NSCLC, non‑small cell lung cancer; HR, hazard ratio; CI, confidence interval; LVI, lymphovascular invasion; PI, 
pleural invasion; SMYD3, SET and MYND domain-containing protein 3.
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NSCLC cells, the apoptotic rate of SMYD3-siRNA-transfected 
A549 and PC-9 cells was examined. Flow cytometric data 
revealed that SMYD3 silencing significantly induced apop-
tosis in both A549 and PC-9 cells (Fig. 4A-C). 

To further explore the molecular basis for the induced 
apoptosis, the expression of pro-apoptotic and anti-apoptotic 
genes was evaluated. As revealed, the levels of Bim, Bak and 
Bax were markedly increased in SMYD3-silenced A549 and 
PC-9 cells, while Bcl-2 and Bcl-xl proteins were decreased 
upon SMYD3-siRNA transfection in A549 and PC-9 cells 
(Fig. 4D and E). Collectively, these results indicated that 
SMYD3 knockdown triggered apoptosis in NSCLC cells, 
probably by affecting key pro- and anti-apoptotic proteins.

Effect of SMYD3 on cisplatin resistance in NSCLC cells. Since 
the dysregulated apoptotic signals can result in resistance to anti-
cancer drugs in cancer cells (22), it was speculated that SMYD3 

may be involved in cisplatin resistance, a chemotherapy drug for 
advanced NSCLC (23). As revealed, cisplatin induced apoptosis 
in A549, PC-9 and H1299 cells in a concentration-dependent 
manner (Fig. 5A‑C). Specifically, SMYD3 silencing sensitized 
A549 and PC-9 cells to the apoptosis induced by cisplatin 
(Fig. 5A and B), whereas stable SMYD3 overexpression rendered 
H1299 cells more resistant to cisplatin-induced apoptosis 
(Fig. 5C). These data indicated that SMYD3 was associated 
with resistance to cisplatin in NSCLC cells.

SMYD3 knockdown blocks NSCLC cell migration and inva‑
sion in vitro. The effects of SMYD3 on NSCLC cell migration 
and invasion were determined using Transwell assays. It was 
determined that SMYD3 knockdown significantly suppressed 
the migratory and invasive abilities of both A549 and PC-9 
cells (Fig. 6A and B). These data indicated the critical role of 
SMYD3 in the migration and invasion of NSCLC cells.

Table IV. Univariate and multivariate Cox regression analysis for OS in NSCLC.

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

Sex      
  Male 1     
  Female 1.559 0.374-6.498 0.542   
Age (years)      
  ≤60 1   1  
  >60 5.321 1.651-17.142 0.005 4.474 1.485-13.479 0.008
Smoking history      
  Never 1     
  Ever 1.719 0.4-7.391 0.467   
Stage      
  I 1   1  
  II-IV 3.246 1.19-8.852 0.021 3.129 1.244-7.871 0.015
Tumor size (cm)      
  ≤3.0 1     
  >3.0 0.646 0.26-1.603 0.346   
LVI      
  Absent 1     
  Present 0.864 0.302-2.47 0.785   
PI      
  Absent 1     
  Present 1.369 0.548-3.421 0.501   
Differentiation      
  Well/moderate 1     
Poor 1.581 0.561-4.457 0.387   
SMYD3      
  Low 1   1  
High 4.092 1.302-12.864 0.016 3.338 1.283-8.684 0.013

OS, overall survival; NSCLC, non‑small cell lung cancer; HR, hazard ratio; CI, confidence interval; LVI, lymphovascular invasion; PI, pleural 
invasion; SMYD3, SET and MYND domain-containing protein 3.
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In addition, the expression of invasion-associated 
MMP-2 and MMP-9 was assessed in the same transfection 
experiments. It was observed that the expression levels of 

both pro- and active-form MMP-2 and MMP-9 were down-
regulated upon SMYD3 silencing in A549 and PC-9 cells 
(Fig. 6C and D).

Figure 5. Effect of SMYD3 on cisplatin resistance in NSCLC cells. (A) A549 and (B) PC-9 cells were transfected with NC- or SMYD3-siRNAs for 24 h, and 
then treated with increasing concentrations of cisplatin (1, 2, and 4 µM for A549; 0.7, 1.5, and 3 µM for PC-9) for 72 h. (C) H1299 stable cell lines were treated 
with increasing concentrations of cisplatin (1, 2, and 5 µM) for 72 h. The apoptotic rate was measured using Annexin V-FITC/PI double staining method. Data 
are presented as the mean ± SD of at least 3 independent experiments. *P<0.05, compared with the control group. †P<0.05, compared with the NC or mock 
group. SMYD3, SET and MYND domain-containing protein 3; NSCLC, non-small cell lung cancer; NC, negative control.

Figure 4. Effects of SMYD3 knockdown on apoptosis and apoptosis-associated genes in NSCLC cells. A549 and PC-9 cells were transfected with NC- 
or SMYD3‑siRNAs. (A) The apoptotic rate was measured using Annexin V‑FITC/PI double staining method in a flow cytometer 72 h after transfection. 
(B and C) Statistical analysis of the apoptotic population in the transfected (B) A549 and (C) PC-9 cells. (D and E) Expression of Bim, Bak, Bax, Bcl-2 and 
Bcl-xl in the transfected (D) A549 and (E) PC-9 cells were examined by western blotting. Data are presented as the mean ± SD of at least 3 independent experi-
ments. *P<0.05, compared with the NC group. SMYD3, SET and MYND domain-containing protein 3; NSCLC, non-small cell lung cancer; NC, negative 
control; Bim, Bcl-2-like protein 11; Bak, Bcl-2 homologous antagonist/killer; Bcl-2, B-cell lymphoma 2.
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Discussion

SMYD3 is a lysine methyltransferase that directs the fine 
regulation of chromatin structure and gene expression (4,24). 
Recently, it has been revealed that SMYD3 plays signifi-
cant roles in human carcinogenesis and tumor progression, 
including in breast, hepatocellular, colorectal and gastric carci-
nomas (7,8,10). In the present study, it was demonstrated that 
SMYD3 was upregulated in NSCLC tissues, and associated 
with aggressive clinicopathological characteristics and poor 
survival. Multivariate analysis revealed that SMYD3 served 
as an independent predictor of poor OS in NSCLC patients. It 
was also revealed that SMYD3 played a critical role in NSCLC 
cell proliferation, migration, invasion and cisplatin resistance, 
as well as the regulation of associated genes. The present study 
is the first, to the best of our knowledge, to comprehensively 
analyze the expression of SMYD3 in clinical NSCLC samples, 
and offer insights into the oncogenic potential of SMYD3 in 
NSCLC carcinogenesis.

Barlesi et al have reported that the SMYD3 VNTR 
genotype was not correlated with either clinicopathological 
features or the risk of NSCLC in a Caucasian population (16). 
However, in the same cohort of NSCLC, there was no correla-
tion between the proposed VNTR genotype and the level of 
H3K4 dimethylation either, implying that the SMYD3 VNTR 
genotype may not be equal to the expression or activity of 
SMYD3 protein in NSCLC. Herein, it was determined that 
SMYD3 protein was significantly upregulated in NSCLC 
tissues when compared with paired adjacent normal tissues. 
Notably, a high SMYD3 expression was associated with 
aggressive clinicopathological features, such as more 
advanced pathological stage, larger tumor size and distant 
metastasis, as well as poor DFS and OS in NSCLC patients. 
Multivariate Cox regression analysis revealed that SMYD3 
overexpression was an independent predictor for poor OS, 
indicating that SMYD3 may be involved in NSCLC develop-
ment and progression. In line with our findings, Mazur et al 
have revealed that abrogating SMYD3 catalytic activity 

Figure 6. SMYD3 knockdown suppresses NSCLC cell migration, invasion and expression of MMP-2 and MMP-9 in vitro. A549 and PC-9 cells were trans-
fected with NC- or SMYD3-siRNAs. (A and B) The migratory and invasive abilities of transfected (A) A549 and (B) PC-9 cells were measured using Transwell 
assays. (C and D) Expression of MMP-2 and MMP-9 in the transfected (C) A549 and (D) PC-9 cells were examined by western blotting. The active form of 
MMP-2 or MMP-9 is indicated by an arrow. Data are presented as the mean ± SD of at least 3 independent experiments. *P<0.05, compared with the NC group. 
SMYD3, SET and MYND domain-containing protein 3; NSCLC, non-small cell lung cancer; MMP, matrix metalloproteinase.
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inhibited the formation of Ras-driven lung adenocarcinomas 
in mouse models (25).

It was previously reported that SMYD3 is essential for 
the proliferation of cervical, breast, esophageal, hepatocel-
lular and colorectal cancer cells (7,8,14,20). Consistently, 
the present data revealed that SMYD3 knockdown by 
siRNA led to a decreased proliferation rate in NSCLC cells 
in vitro, whereas stable SMYD3 overexpression significantly 
promoted NSCLC cell proliferation. These data confirmed 
our hypothesis that SMYD3 behaves as an oncogene in 
NSCLC carcinogenesis. Given the fact that apoptosis induc-
tion is a pivotal mechanism underlying the inhibition of 
cancer cell proliferation, the apoptosis of SMYD3-silenced 
NSCLC cells was examined, and it was revealed that 
SMYD3 silencing significantly induced apoptosis in NSCLC 
cells. The Bcl-2 protein family members, which can be 
divided into two classes (pro-apoptotic and anti-apoptotic), 
have been acknowledged as key regulators of caspase acti-
vation and apoptosis (26). Further experiments were then 
performed to explore the molecular basis for the induced 
apoptosis in SMYD3-silenced NSCLC cells. It was deter-
mined that the levels of pro-apoptotic Bim, Bak and Bax 
were markedly increased in SMYD3-silenced NSCLC cells, 
while anti-apoptotic Bcl-2 and Bcl-xl were decreased by 
SMYD3-siRNA. Our study extends the knowledge derived 
from Ren et al, who reported that the downregulation of 
SMYD3 decreased the ratio of Bcl-2/Bax in MDA-MB-231 
cells (27), indicating that SMYD3 has a broad effect on 
apoptosis-associated genes.

Defective or inefficient apoptosis has been considered 
as a critical mechanism of resistance to anticancer drugs in 
cancer cells (22). It was then determined whether SMYD3 is 
involved in resistance to cisplatin, which remains a standard 
chemotherapy drug for advanced NSCLC (23). The present 
data revealed that SMYD3 silencing sensitized NSCLC 
cells to the apoptosis induced by cisplatin, whereas stable 
SMYD3 overexpression rendered NSCLC cells more resistant 
to cisplatin-induced apoptosis. This is probably attributed to 
the change of apoptotic signals in SMYD3-silenced or -over-
expressed NSCLC cells. Consistently, previous studies have 
indicated that cisplatin resistance can be mediated by an inhi-
bition of the apoptotic machinery derived from intracellular 
events (HER‑2/neu amplification, or p53 mutation) in human 
malignancies (28,29).

In the present study, it was observed that SMYD3 knock-
down significantly suppressed NSCLC cell migration and 
invasion in vitro, highlighting the oncogenic role of SMYD3 
in NSCLC progression. Similarly, recent studies revealed that 
SMYD3 promoted the migration and invasion of multiple 
cancer types, including hepatocellular, breast and gastric 
carcinomas (30-32). MMPs are zinc-dependent endopepti-
dases that participate in tumor progression and metastasis 
by degrading the extracellular matrix, as well as regulating 
adherin, cytoskeletal proteins, growth factors, chemokines 
and cytokines (33). To date, 24 MMPs have been recognized 
in human beings. In the present study, it was determined that 
both pro- and active-form MMP-2 and MMP-9 proteins were 
decreased upon SMYD3 silencing in NSCLC cells, which 
probably contributed to the impaired invasive activities in 
those cells. The present results are supported by a previous 

study, which demonstrated that SMYD3 promoted the 
trimethylation of H3K4 in the MMP-9 promoter in a revers-
ible model of cancer, thereby inducing MMP-9 expression 
and increasing cell migration and invasion (6). Based on the 
present data, it was reasoned that other MMPs, except for 
MMP-2 and MMP-9, may also be regulated by SMYD3 and 
involved in SMYD3-mediated cancer migration and inva-
sion, although further studies are required to establish this 
hypothesis.

The present study has some limitations. First, we 
were unable to reveal the detailed mechanisms of 
SMYD3-modulated apoptosis- or invasion-associated genes in 
NSCLC cells. In addition, another limitation is that although 
SMYD3 has been recognized to regulate multiple downstream 
target genes, which are implicated in cell adhesion, prolif-adhesion, prolif-, prolif-
eration, invasion, apoptosis, cell cycle regulation and signal 
transduction (5,34,35), only the effects of SMYD3 on NSCLC 
cell proliferation, apoptosis, migration and invasion were 
evaluated in the present study. More studies are required to 
elucidate the effects of other functions of SMYD3 in NSCLC 
development and progression.

In conclusion, it was demonstrated that SMYD3 was 
upregulated in NSCLC tissues, and associated with aggressive 
clinicopathological characteristics and poor survival. SMYD3 
overexpression independently predicted poor OS in NSCLC 
patients. Functionally, SMYD3 played a critical role in NSCLC 
cell proliferation, migration, invasion and cisplatin resistance, 
as well as the regulation of apoptosis- and invasion-associated 
genes. The present study suggested SMYD3 as a novel onco-
gene in NSCLC carcinogenesis, which is anticipated to be a 
potential prognostic marker and therapeutic target for NSCLC 
patients.
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