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miR-3648 promotes lung adenocarcinoma-genesis by inhibiting SOCS2 
(suppressor of cytokine signaling 2)
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ABSTRACT
Lung adenocarcinoma (LUAD) is the most common histologic subtype of lung cancer and is 
associated with high morbidity and mortality. We aimed to study the effects of microRNA-3648 
(miR-3648) on LUAD by inhibiting its downstream target suppressor of cytokine signaling 2 
(SOCS2) mRNA. miR-3648 expression was measured by real-time quantitative PCR in LUAD and 
normal lung epithelial cell lines. The direct interaction between miR-3648 and SOCS2 mRNA was 
identified through luciferase reporter and RNA pull-down assays. Cell viability, migration, and 
invasion were examined using cell functional assays. MiR-3648 was found to be overexpressed in 
LUAD cells and tissues. Overexpression of miR-3648 significantly enhanced cell proliferation, 
migration, and invasion abilities in LUAD cells. Furthermore, SOCS2 was targeted by miR-3648, 
and co-transfection of a miR-3648 inhibitor or si-SOCS2 reversed the suppressive effects of SOCS2 
in PC9 and A549 cells. miR-3648 enhanced the proliferation and promoted migration and invasion 
of LUAD by inhibiting SOCS2. In conclusion, our results indicate that miR-3648 plays a pivotal role 
in LUADe progression and might thus provide a novel therapeutic strategy for patients with 
LUAD.

ARTICLE HISTORY
Received 28 June 2021 
Revised 7 December 2021 
Accepted 7 December 2021 

KEYWORDS
Lung adenocarcinoma; miR- 
3648; SOCS2; proliferation; 
migration; invasion

Introduction

Lung cancer ranks first in both incidence (11.6% 
of the total cancer cases) and cancer-related deaths 
(18.4% of the total cancer-related deaths) for both 
sexes combined [1]. In China, lung cancer is the 
most frequent and fatal cancer, with an incidence 
rate of 17.1% and a mortality rate of 21.7% in 2015 
[2]. In addition, lung cancer morbidity among 
nonsmokers in China is notably higher than that 
in other countries, especially in women [3]. Lung 
adenocarcinoma (LUAD) is the most common 
histologic subtype of lung cancer and accounts 
for approximately 40% of lung cancers [4]. 
Currently, surgery is the most common therapy 
for patients with early stage LUAD, with or with-
out perioperative chemotherapy (such as erlotinib, 
an epidermal growth factor receptor tyrosine 
kinase inhibitor, EGFR TKI), immunotherapy 
(such as bevacizumab), or radiotherapy (such as 
stereotactic body radiation) [5–8]. In addition to 
platinum-based dual therapy with or without bev-
acizumab, patients with advanced LUAD also 

benefit from molecular targeted therapies such as 
gefitinib, erlotinib, afatinib, osimertinib (EGFR 
TKIs), and crizotinib, ceritinib, and alectinib (ana-
plastic lymphoma kinase inhibitor, ALK inhibi-
tors), among others [9,10]. Despite extensive 
research, tumor resistance remains a fundamental 
challenge in improving patient outcomes [11]. 
Therefore, there is an urgent need to identify 
more treatments that are effective for LUAD.

MicroRNAs (miRNAs, miRs) have been asso-
ciated with cancer progression through gene silen-
cing [12]. The influence of miR-3648 on cancer 
has only been studied in the last three years. 
Several studies have found that miR-3648 exerts 
an essential influence on the survival, migration, 
and invasion of cancer cells [13,14]. miR-3648 has 
been demonstrated to be a key tumor promoter in 
cervical [15], prostate [13], bladder [14,16] and 
breast cancers [17]. However, the influence of 
miR-3648 on lung cancer has not yet been 
reported. Therefore, this study aimed to analyze 
the effect of miR-3648 on LUAD.
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In this study, bioinformatics analysis revealed that 
suppressor of cytokine signaling 2 (SOCS2) may be 
a target of miR-3648. SOCS2 is located on chromo-
some 12q22 and is composed of 12 exons. SOCS2 
encodes a member of the SOCS family. SOCS family 
members function as cytokine-inducible negative 
regulators of cytokine receptor signaling through 
Janus kinase/signal transducer (JAK/STAT) and 
activation of the JAK/STAT pathway [18]. SOCS2 
inhibition was found to promote progression and 
metastasis in colorectal [19], prostate [20], and 
breast cancers [21], whereas it inhibits the progres-
sion and metastasis of ovarian [22] and gastric can-
cer [23]. Furthermore, four studies have investigated 
the tumor-suppressing role of SOCS2 in LUAD [24– 
27]. However, the interaction between miR-3648 
and SOCS2 in LUAD cells has not been studied.

Based on bioinformatics analysis and previous 
studies, we hypothesized a novel interaction 
between miR-3648 and SOCS2 and aimed to study 
the effects of miR-3648 and SOCS2 on LUAD. Our 
study might contribute to a better understanding of 
LUAD involving both miR-3648 and SOCS2.

Materials and methods

Bioinformatics analysis

Two miRNA microarrays (GSE135918 and 
GSE68951) containing miRNA expression data 
from LUAD and normal samples from GEO datasets 
(https://www.ncbi.nlm.nih.gov/geo/) were used to 
identify the differentially expressed miRNAs (DE- 
miRNAs) with adjusted P < 0.05, |logFC | ≥ 1.5 
and adjusted P < 0.05, |logFC| ≥ 1, respectively. 
TargetScan (http://www.targetscan.org/vert_71/) 
was used to identify the target genes of miR-3648. 
GSE85841 from GEO datasets was used to identify 
the differentially expressed genes (DEGs) with 
adjusted P < 0.01, logFC < −1.5. The expression of 
screened genes in LUAD samples was analyzed using 
GEPIA (http://gepia.cancer-pku.cn/index.html).

Clinical samples

LUAD and paired noncancerous tissue samples 
were obtained from 38 patients at our hospital. 
Clinical tissue samples were handled in strict 
accordance with the Helsinki Declaration, and 

the ethics committee of our hospital (WHSHIRB- 
K-2019011) approved the project. All volunteers 
provided written informed consent, and their clin-
ical characteristics are listed in Table 1.

Cell culture and transfection

Human LUAD cell lines PC9, A549, Calu-3, and 
DV-90, and the normal lung epithelial cell line 
BeAS-2B were obtained from the American Type 
Culture Collection. They were cultured in RPMI 
1640 (Sigma, USA), F12K (Sigma), minimum 
essential medium (MEM; Sigma), or bronchial 
epithelial growth medium (BEGM; Clonetics, 
USA) containing 10% fetal bovine serum 
(Gibco Laboratory, USA), and 1% penicillin/ 
streptomycin (Sigma) in a humidified incubator 
at 37°C with 5% CO2.

miR-3648 mimics, miR-3648 inhibitor, mimics 
negative control (NC), NC inhibitor, si-SOCS2, 
and si-NC were acquired from Gene Copoeia 
(Guangzhou, China). PC9 and A549 cells were 
inoculated in 6-well plates at a seeding density of 
3 × 104 cells/mL and transfected with the above 
molecules for 48 h. Transfection was performed 
using Lipofectamine™ 2000 reagent (11,668,027, 
Thermo Fisher, USA) according to the manufac-
turer’s instructions.

Table 1. Clinical characteristics of the lung cancer patients in 
this study (N = 38) .

Parameter Value[No.(%)]

Age(years)
≥60 20(52.6)
<60 18(47.4)

Sex
Male 22(57.9)
Female 16(42.1)

Tumor size
≥5 cm 17(44.7)
<5 cm 21(55.3)

Smoking history
Never smokers 25(65.8)
Current or former 13(34.2)

Stage
I 6(15.8)
II 2(5.3)
III 14(36.8)
IV 16(42.1)

Location
Central 26(68.4)
Peripheral 12(31.6)
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Real-time quantitative PCR (RT-qPCR)

Total miRNA content was extracted with 
miRNeasy Tissue/Cells Advanced Mini Kit 
(217,604, Qiagen, Germany), following the manu-
facturer’s instructions, and the miRNA purity was 
determined using RNA gel electrophoresis. 
Reverse transcription of miR-3648 was performed 
using miRNA First Strand cDNA Synthesis 
(B532451, Sangon Biotech, China) followed by 
quantitative PCR using TB Green® Premix Ex 
Taq™ II (RR820A, Takara, Japan). The 2−ΔΔCt 

method and U6 as the reference gene was used 
to calculate the RNA content [28]. Sangon Biotech 
(Shanghai, China) supplied all related primers, and 
the primer design is shown in Table 2.

Cell viability assay

The Cell Counting Kit-8 (CCK-8) method was 
used to assess cell viability, as described previously 
[29]. Briefly, transfected PC9 and A549 cells were 
inoculated into 96-well plates at a density of 4,000 
cells/well. The cells were cultured for 12, 24, 48, 
and 72 h, and then 10 μL of CCK-8 solution 
(KGA317, Keygen Biotech, China) was added to 
the cells. Following incubation for 4 h at 37°C, the 
absorbance of each well was measured at 
a wavelength of 450 nm using a microplate reader 
and the time-growth curve was plotted.

5-bromodeoxyuridine (BrdU) uptake assay

To detect cell proliferation, we performed a BrdU 
DNA incorporation assay as reported previously 
[30]. Briefly, 4 × 104/mL PC9 and A549 cells were 
inoculated in a 96-well plate and incubated over-
night. BrdU solution (10 μL/well; ab126556, 
Abcam, UK) was added and the cells were incu-
bated for 1 h. Subsequently, fixing solution was 
added to the wells to denature the cellular DNA. 
After discarding the fixing solution and washing 

the cells, 100 μL anti-BrdU primary antibody solu-
tion was added to each well and further incubated 
for 1 h. After the primary antibody solution was 
discarded and washed, 100 μL of goat anti-mouse 
IgG secondary antibody (peroxidase conjugated) 
was added to each well and incubated for 
30 min. Next, 100 µL of TMB solution (peroxidase 
substrate) was added to each well and the cells 
were incubated in the dark for 0.5 h. Proliferative 
cells that incorporate BrdU appear blue, and the 
color intensity represents the proliferative ability. 
For further quantitative analysis of cell prolifera-
tion, 100 µL of termination reaction reagent was 
added, and the absorbance was determined at 
450 nm using a microplate reader (BioTek 
Instruments, USA). All procedures were per-
formed at room temperature and each experiment 
was repeated three times.

Wound healing assay

PC9 and A549 cells (2 × 105 cells/well) were inocu-
lated into 6-well plates and incubated at 37°C for 
24 h until confluent. Then, the cell monolayers 
were scraped along the center of each well using 
a sterile 200 μL tip, and the plates were rinsed with 
phosphate buffered saline (PBS) to eliminate 
detached cells. The transfected cells were incu-
bated for 24 h. Images of each group at the scratch 
sites were acquired at 0 and 24 h, respectively, 
under an inverted microscope at a magnification 
of 10×, and cell migration was quantified using 
ImageJ software (National Institute of health, 
USA) as reported previously [31].

Transwell invasion assay

Transwell chambers (8.0 μm pore membranes; 
3422, Corning, USA) were utilized to detect cell 
invasion ability as described previously [31]. 
Briefly, Matrigel was added to the upper chamber 

Table 2. PCR primers used in this study.
Gene Forward primer Reverse primer

GAPDH 5ʹ-TGCACCACCAACTGCTTAGC-3’ 5ʹ-GGCATGGACTGTGGTCATGAG-3’
SOCS2 5ʹ-TCGGTCAGACAGGATGGTACT-3’ 5ʹ-AGTTCCTTCTGGTGCCTCTTT-3’
miR-3648 5ʹ-CACGCAGCCGCGGGGAT-3’ 5ʹ-CCAGTGCAGGGTCCGAGGTA-3’
U6 5ʹ-GCTTCGAGGCAGGTTACATG −3ʹ 5ʹ-GCAACACACAACATCTCCCA-3’
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and allowed to solidify for 6 h at 37°C. Then, 
1 × 105 resuspended transfected cells were added 
to the upper chamber with 200 μL serum-free 
medium, and 800 μL medium supplemented with 
10% FBS was added to the lower chamber. After 
incubation for 24 h at 37°C, the noninvasive can-
cer cells that remained on the upper surface of the 
membrane were removed with wet cotton swabs. 
The invaded cells on the bottom of the membrane 
were fixed in 4% paraformaldehyde for 0.5 h and 
stained with 0.5% crystal violet solution for 0.5 h 
at room temperature. Then the cells were rinsed 
with PBS and the stained cells were photographed 
and quantified using a light microscope (Olympus, 
Japan).

Luciferase reporter gene assay

The recombinant vectors containing wild-type or 
mutant SOCS2 mRNA binding sites, were con-
structed and supplied by Gene Copoeia 
(Guangzhou, China) as described previously [32]. 
First, we transfected the plasmids into PC9 and 
A549 cells using the Lipofectamine™ 2000 reagent. 
Then, we transfected miR-3648 mimic or NC into 
the transfected cells using Lipofectamine™ 2000 
reagent according to the manufacturer’s instruc-
tions. After culturing for 48 h, the cells were col-
lected and lysed with lysis buffer. Then, to 
quantitatively evaluate the inhibitory effect of the 
miRNA on target genes, we determined the rela-
tive luciferase activity, which represents the 
mRNA content, using the Dual-Luciferase® 
Reporter Assay System (E1910, Promega, USA) 
following the manufacturer’s instructions.

RNA pull-down assay

PC9 and A549 cells (5 × 106) were incubated on 
ice with 500 μL solution containing 0.05% NP-40, 
25 mM Tris-HCl, 2.5 mM EDTA, 70 mM KCl, 
1× protease inhibitor cocktail, and 80 U/mL RNase 
inhibitor for 20 min. After centrifugation, the cel-
lular extracts were mixed with biotinylated miR- 
3648 (bio-miR-3648) or biotinylated NC (bio-NC) 
for 2 h. Then, the cell lysates were conjugated with 
streptavidin magnetic beads, followed by incuba-
tion at 4°C for 3 h. Next, the bound RNAs in the 
pull-down complex were isolated by washing the 

beads with reaction buffer and the pull-down RNA 
expression were determined by RT-qPCR as pre-
viously described [33].

Western blotting

Western blot assay was performed as previously 
described [34]. Cellular proteins were extracted 
with radioimmunoprecipitation assay (RIPA) 
lysis buffer, and the total protein in various 
groups were quantified using 
a spectrophotometer to determine equal concen-
tration. Proteins (20 μg) were loaded onto a 10% 
sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) gel and transferred to 
polyvinylidene difluoride (PVDF) membranes. 
After blocking in 5% nonfat milk for 0.5 h, the 
membranes were incubated with primary antibo-
dies against SOCS2 (1:1000, 2779 T, Cell 
Signaling Technology, USA) and GAPDH 
(1:1000, 5174 T, Cell Signaling Technology) over-
night at 4°C. Then, the membranes were washed 
with 1× TBST three times, followed by a 1 h 
incubation with goat anti-rabbit IgG, light-chain- 
specific antibody (HRP conjugate; 1:4000, 
98,164 T, Cell Signaling Technology). We used 
SignalFire Plus ECL Reagent (12630S, Cell 
Signaling Technology) to enhance the signals 
from the protein bands and quantified the inten-
sities of the bands using a Bio-Rad ChemiDoc MP 
imager (Bio-Rad, USA).

Statistical analyses

The data were analyzed using SPSS (SPSS, USA) 
and GraphPad Prism v7.0 (GraphPad Software, 
USA). Data were obtained from at least three 
independent experiments and are presented as 
the mean ± standard deviation (SD). We identified 
significance of differences using the Student’s 
t-test method. p < 0.05 was considered statistically 
significant.

Results

In this study we tested the hypothesis that miR- 
3648 interacts with SOCS2 in LUAD cells. We first 
dissected the positive role of miR-3648 in LUAD 
in vitro. The interaction of miR-3648 and SOCS2 
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in LUAD progression was also verified. Our find-
ings may enrich our understanding of LUAD 
progression.

Identification of miR-3648 and SOCS2 in LUAD

By analyzing the GSE135918 and GSE68951 
miRNA data series, we identified 484 DE-miRNAs 
in the former and seven in the latter data series. 
A common miRNA identified in both the datasets 

was miR-3648 (Figure 1(a)). A previous study 
reported that miR-3648 is upregulated and pro-
motes bladder cancer mobility phenotypes [14]. 
miR-3648 has also been reported to enhance 
growth of HeLa cells [15]. However, its role in 
lung cancer has not yet been studied. To identify 
the potential downstream target gene of miR-3648, 
we intersected the predicted targets of miR-3648 
using the TargetScan algorithm and the DEGs in 
LUAD by analyzing GSE85841. Lipoprotein lipase 

Figure 1. The identification of miR-3648 and SOCS2 in LUAD. A. The identification of miR-3648 by intersecting the differentially 
expressed miRNA (DE-miRNA) lists of GSE135918 (adjusted P < 0.05, |logFC|≥1.5) and GSE68951 (adjusted P < 0.05, |logFC|≥1) data 
series. B. The identification of LPL and SOCS2 in LUAD by intersecting the gene lists of Targetscan-predicted targets of miR-3648 and 
the differentially expressed genes (DEGs) of GSE85841. C. The expression box plot of SOCS2 and LPL in LUAD via GEPIA data analysis. 
Num: number; T: tumor; N: normal controls. D-E. Verification of SOCS2 expression (d) and LPL expression (e) in LUAD tissues and 
matched normal tissues. F. Western blotting analysis of SOCS2 expression in LUAD tissues and matched normal tissues. (d-f) 
*P < 0.05, **P < 0.001 vs. normal tissues.
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(LPL) and SOCS2 were identified as the overlap-
ping genes in the two datasets (Figure 1(b)). The 
GEPIA database also demonstrated that SOCS2 and 
LPL were significantly downregulated in LUAD 
(Figure 1(c)). Quantification of SOCS2 and LPL 
expression in LUAD and normal tissues showed 
that SOCS2 expression showed more difference 
between tumor and normal tissues compared to 
that of LPL (Figure 1(d-e)). Therefore, we chose 
SOCS2 for the subsequent assays. Previously, 
SOCS2 was reported to inhibit proliferation and 
promote the apoptotic phenotype in lung cancer 
[25,26,35]. Because mobility is a significant feature 
of cancer cells, studies on the effects of SOCS2 on 

cancer cell mobility phenotypes are important. 
Therefore, we hypothesized that miR-3648 may 
regulate lung cancer cell phenotypes by targeting 
SOCS2.

miR-3648 promotes proliferation of LUAD cells

To evaluate the effect of miR-3648 in LUAD, we 
first analyzed the expression of miR-3648 in normal 
lung epithelial cells and LUAD cell lines using RT- 
qPCR. The results showed that, compared to nor-
mal lung epithelial cells (BeAS-2B), the expression 
of miR-3648 was significantly higher in LUAD cell 

Figure 2. miR-3648 promoted proliferation in LUAD cells A. The expression of miR-3648 in four LUAD cell lines (PC9, A549, Calu-3 
and DV-90) and normal lung epithelial cell line (BeAS-2B) was measured by RT-qPCR. B. Expression of miR-3648 in LUAD and 
adjacent normal tissues. N = 38 C. The expression of miR-3648 in PC9 and A549 cells transfected with miR mimics, miR inhibitor, 
mimic-NC and inhibitor-NC was measured by RT-qPCR. D. Cell viability was observed in PC9 and A549 cell lines after transfection 
with miR mimics, miR inhibitor, mimic-NC and inhibitor-NC at 0, 12, 24, 48, and 72 hours via CCK-8 assay. E. Cell proliferation was 
observed in PC9 and A549 cell lines after transfection with miR mimics, miR inhibitor, mimics-NC and NC inhibitor via BrdU 
incorporation assay. *P < 0.05, **P < 0.001 compared with BeAS-2B (b) or mimic-NC(c-e) group, Student’s t-test.
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lines. PC9 and A549 cell lines showed approxi-
mately 4- and 3-fold increase, respectively, in 
miR-3648 expression (Figure 2(a)). Therefore, we 
selected PC9 and A549 cell lines for follow-up 
studies. Similar to LUAD cell lines, the expression 
of miR-3648 in LUAD tissues from 38 patients who 
were diagnosed with LUAD was upregulated 3-fold 
compared to paired noncancerous tissues (Figure 2 
(b)). Changes in miR-3648 expression in PC9 and 
A549 cells were analyzed following transfection 
with miR-3648 mimics and inhibitors. The results 
demonstrated that miR-3648 level was significantly 
upregulated in A549 and PC9 cells following trans-
fection with miR-3648 mimics, and increased by 
approximately 4- and 6- fold, respectively. 
Similarly, miR-3648 expression was significantly 
downregulated following transfection with the 
miR-3648 inhibitor (Figure 2(c)). CCK8 experi-
ments showed that cell proliferation and viability 
were enhanced after transfection with miR-3648 

mimics (Figure 2(d)). The BrdU experiment also 
demonstrated similar result (Figure 2(e)).

miR-3648 promotes migration and invasion of 
LUAD cells

To evaluate the changes in invasive and migratory 
abilities of the cells, we performed Transwell inva-
sion and wound healing assays. The results of the 
Transwell invasion assay demonstrated that trans-
fection with miR-3648 mimics significantly pro-
moted cell invasion by approximately 1- and 
2-fold in A549 and PC9 cells, respectively 
(Figure 3(a)). After incubation for 24 h, the 
scratches in the miR-3648 mimic groups were sig-
nificantly reduced, and quantitative analysis results 
showed that the cell migration ability was signifi-
cantly enhanced by approximately 0.4- and 0.5-fold 
in A549 and PC9 cells, respectively (Figure 3(b)).

Figure 3. miR-3648 promoted cell migration and invasion in LUAD cells A. Cell invasion was evaluated in A549 and PC9 cell 
lines after transfection with miR mimics, miR inhibitor, mimic-NC and inhibitor-NC via Transwell assay. B. Cell migration was 
examined in A549 and PC9 cell lines after transfection with miR mimics, miR inhibitor, mimic-NC and inhibitor-NC via wound healing 
assay. *P < 0.05, **P < 0.001 compared with mimic-NC group, Student’s t-test.
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SOCS2 is a downstream target gene of miR-3648

Based on the above-mentioned prediction from 
bioinformatics analysis, we next sought to investi-
gate the interaction between SOCS2 and miR- 
3648. We first obtained the complementary 
sequences of the 3ʹ UTR of SOCS2 mRNA and 
miR-3648 by interrogating TargetScan Human 7.2 
(Figure 4(a)). Subsequently, we performed lucifer-
ase reporter and RNA pull-down assays to exam-
ine the direct interaction between SOCS2 mRNA 
and miR-3648. The fluorescence intensity was sig-
nificantly decreased by approximately 0.5-fold in 
the SOCS2 wild-type sequence in both A549 and 
PC9 cells transfected with miR-3648 mimics 
(Figure 4(b)). RNA pull-down experiments further 
confirmed that miR-3648 binds to SOCS2 mRNA, 
with 9- and 13-fold increase in enrichment of 
SOCS2 in A549 and PC9 cells, respectively 
(Figure 4(c)). We also found that miR-3648 
expression was negatively correlated with SOCS2 
expression (Figure 4(d).

miR-3648 reverses the suppressive effect of 
SOCS2 on the malignant phenotype of LUAD cells

To further verify the role of SOCS2 in miR-3648- 
mediated phenotypic alteration in LUAD cells, we 
transfected PC9 and A549 cells with miR-3648 
inhibitor and si-SOCS2 to identify whether the 
effect of SOCS2 on LUAD cells was regulated by 
miR-3648. Western blot assays confirmed that si- 
SOCS2 and miR-3648 inhibitors were successfully 
transfected into the cancer cells. Specifically, miR- 
3648 inhibitor significantly increased the expres-
sion of SOCS2, whereas si-SOCS2 significantly 
decreased the expression of SOCS2 (Figure 5(a). 
We then performed CCK-8 and BrdU incorpora-
tion experiments to evaluate the viability and pro-
liferative ability of the cells. The results showed 
that si-SOCS2 attenuated the viability and prolif-
erative ability of PC9 and A549 cells, whereas co- 
transfection with miR-3648 inhibitor impaired the 
effect of SOCS2 on viability and proliferative abil-
ity of PC9 and A549 cells (Figure 5(b-c)).

Figure 4. SOCS2 was a downstream target gene of miR-3648 A. The binding site of SOCS2 mRNA 3ʹUTR for miR-3648. B. The 
target relationship between miR-3648 and SOCS2 was measured by luciferase reporter assay. C. The target relationship between 
miR-3648 and SOCS2 was measured by RNA pull-down assay. D. Correlation between miR-3648 and SOCS2. *P < 0.05, **P < 0.001 
compared with miR-NC (b) or Bio-NC (c) group, Student’s t-test.
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miR-3648 reverses the suppressive effects of 
SOCS2 on LUAD cell metastasis

In addition to proliferation, we also investigated the 
effect of SOCS2 on the miR-3648-mediated invasive 
and migratory abilities of the cancer cells. We found 
that si-SOCS2 significantly enhanced cell migration 
and invasion, whereas co-transfection with miR- 
3648 inhibitor significantly weakened the effect of 
SOCS2 on PC9 and A549 cells (Figure 6(a-b)).

Discussion

In the present study, we found that miR-3648 was 
overexpressed in LUAD cells and tissues. Functional 
assays showed that miR-3648 overexpression 

significantly enhanced cell proliferation, and pro-
moted migration and invasion abilities of LUAD 
cells. Using luciferase reporter assay, we also found 
that SOCS2 was the target of miR-3648. 
Furthermore, co-transfection of miR-3648 inhibitor 
and si-SOCS2 reversed the suppressive effects of 
SOCS2 on the malignant phenotype of LUAD cells. 
These results revealed the potential role of miR-3648 
in promoting LUAD progression by downregulating 
SOCS2 expression.

Although several studies have been conducted 
to identify the role of miR-3648 in tumor progres-
sion, research on LUAD is limited. Rashid et al. 
found that increased expression of miR-3648 
induced by endoplasmic reticulum (ER) stress 
downregulated adenomatous polyposis coli 2 

Figure 5. miR-3648 reverse the suppression effects of SOCS2 on LUAD cell malignancy phenotypes A. The expression of 
SOCS2 protein was detected by Western blot in A549 and PC9 cells after transfection with miR-3648 inhibitor, si-SOCS2, si-NC, 
inhibitor-NC and co-transfection with miR-3648 inhibitor and si-SOCS2. B. Cell viability was measured by CCK-8 assay in A549 and 
PC9 cells after transfection with miR-3648 inhibitor, si-SOCS2, si-NC, NC inhibitor and co-transfection with miR-3648 inhibitor and si- 
SOCS2. C. Cell proliferation was measured by BrdU incorporation assay in PC9 and A549 cells after transfection with miR-3648 
inhibitor, si-SOCS2, si-NC, NC inhibitor and co-transfection with miR-3648 inhibitor and si-SOCS2. *P < 0.05, **P < 0.001 compared 
with si-NC group; #P < 0.05, ##P < 0.001 compared with si+inhibitor group, Student’s t-test.
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(APC2) and promoted the proliferation of cervical 
cancer and other cells [15]. miR-3648 facilitates 
prostate cancer cell proliferation by inhibiting 
APC2, which leads to the activation of the Wnt/β- 
catenin pathway by increasing cyclin D1 and 
cyclin E1 expression and decreasing p21 expres-
sion [13]. miR-3648 is overexpressed and pro-
motes invasion and metastasis of human bladder 
cancer by directing transcription factor 21 
(TCF21)/kisspeptin 1 (KISS1) axis [14]. In addi-
tion, higher expression of miR-3648 was corre-
lated with shorter overall survival time in 
patients with bladder cancer [16]. miR-3648 was 
recently identified to positively correlate with the 
recurrence score (RS) of breast cancer, likely 
owing of its contribution to cancer growth, aggres-
siveness, and response to therapies [17]. 
Therefore, miR-3648 serves as a promoter in var-
ious cancers.

In the current study, we observed that miR-3648 was 
notably upregulated in LUAD, suggesting that miR- 
3648 may act as an oncomiR in LUAD. To determine 
the effect of miR-3648 on cancer pathogenesis, we 
performed in vitro studies to evaluate the effects of 
miR-3468 in LUAD, based on previous literature. We 
found that miR-3468 promoted cell proliferation, 
inhibited apoptosis, and promoted migration and inva-
sion, consistent with the results of previous studies.

The results of our bioinformatics analysis indi-
cated that SOCS2 was a direct target of miR-3648. 
SOCS2 acts as a tumor suppressor that regulates 
cell fate in many cancers [36–38]. SOCS2 expres-
sion, which was inhibited by exosomal miR-3613- 
3p promotes proliferation, metastasis, and drug 
resistance of breast cancer cells, and SOCS2 is 
expressed at low levels in breast cancer tissues 
[39]. Low SOCS2 levels have also been reported 
in patients with LUAD [40]. Downregulation of 

Figure 6. miR-3648 reverse the suppression effects of SOCS2 on LUAD cell metastasis A. Cell invasion was evaluated via 
transwell assay in A549 and PC9 cells after transfection with miR-3648 inhibitor, si-SOCS2, si-NC, inhibitor-NC and co-transfection 
with miR-3648 inhibitor and si-SOCS2. B. Cell migration was examined in PC9 and A549 cell lines after transfection with miR-3648 
inhibitor, si-SOCS2, si-NC, inhibitor-NC and co-transfection with miR-3648 inhibitor and si-SOCS2 via wound healing assay. *P < 0.05, 
**P < 0.001 compared with si-NC group; #P < 0.05, ##P < 0.001 compared with si+inhibitor group, Student’s t-test.
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SOCS2 by different miRNAs has been found to 
promote proliferation [24], migration, and metas-
tasis [25], and decrease apoptosis of lung cancer 
cells [24]. Consistent with previous studies, we 
observed lower expression of SOCS2 in human 
tumor tissues than in normal tissues. To confirm 
our hypothesis that miR-3648 mediates its onco-
genic effects by negatively regulating SOCS2, we 
transfected cancer cells with a miR-3648 inhibitor 
with or without si-SOCS2 and performed a series 
of experiments. Our results confirmed that miR- 
3648 directly binds to the 3ʹ UTR region of 
SOCS2, and also indicated that miR-3648 inhibitor 
increases the expression of SOCS2, suggesting that 
miR-3648 downregulates SOCS2. Furthermore, 
co-transfection of miR-3648 inhibitor and si- 
SOCS2 partially reversed the antitumor effects 
mediated by the miR-3648 inhibitor. Thus, our 
results showed that miR-3648 might promote can-
cer by downregulating SOCS2 expression. In con-
trast, in lung cancer, SOCS2 is involved in 
a complex regulatory network. For example, 
SOCS2 is targeted by miR-578, miR-875, and miR- 
H9-5p and suppresses the malignant behavior of 
non-small cell lung cancer cells [24,25,41]. 
Furthermore, SOCS2 suppresses insulin-like 
growth factor 1 (IGF1)-driven migratory and inva-
sive behavior of LUAD cells. In future studies, we 
will focus on the SOCS2-driven complex regula-
tory networks in LUAD.

Although our study is significant and novel, it 
also has limitations. We only performed relevant 
experiments at the cellular level and did not per-
form any animal experiments. Furthermore, the 
progression of carcinoma is a complex process 
involving a network of signaling pathways. We 
have not researched the specific mechanisms or 
relevant signaling pathways thoroughly, but only 
focused on the interaction between miR-3648 and 
SOCS2 in LUAD. Therefore, in future studies we 
will conduct animal experiments and focus on the 
study of the signaling pathways involved.

Conclusion

The present study demonstrated that miR-3648 
promotes the proliferation, migration, and inva-
sion of LUAD by downregulating its target SOCS2. 
Our results indicate that miR-3648 may play 

a pivotal role in the progression of LUAD and 
provides a novel therapeutic strategy for patients 
with LUAD.

Highlights

● 1. miR-3648 is overexpressed in LUAD cells 
and tissues

● 2. miR-3648 overexpression promotes malig-
nant behavior of LUAD cells

● 3. miR-3648 targets SOCS2 to regulate LUAD 
progression in vitro

Availability of Data and Materials

The datasets used and/or analyzed during the current study are 
available from the corresponding author on reasonable request.

Authors’ contributions

FM performed the experiments and data analysis. YHT con-
ceived and designed the study and made the acquisition of 
data. FM did the analysis and interpretation of data. All 
authors read and approved the manuscript.

Ethics approval and consent to participate

The present study was approved by the Ethics Committee of 
the Sixth Hospital of Wuhan (Wuhan, China) (No: 
WHSHIRA-L-2019018). The processing of clinical tissue 
samples is in strict compliance with the ethical standards of 
the Declaration of Helsinki. All patients signed written 
informed consent.

Consent for publication

Consent for publication was obtained from the participants.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The author(s) reported there is no funding associated with 
the work featured in this article.

ORCID

Fan Mei http://orcid.org/0000-0003-2544-8736

3054 Y. TU AND F. MEI



References

[1] Bray F, Ferlay J, Soerjomataram I, et al. Global cancer 
statistics 2018: GLOBOCAN estimates of incidence and 
mortality worldwide for 36 cancers in 185 countries. 
CA Cancer J Clin. 2018;68(6):394–424.

[2] Chen W, Zheng R, Baade PD, et al. Cancer statistics 
in China, 2015. CA Cancer J Clin. 2016;66 
(2):115–132.

[3] Yang D, Liu Y, Bai C, et al. Epidemiology of lung 
cancer and lung cancer screening programs in China 
and the United States. Cancer Lett. 2020;468:82–87.

[4] Ruiz-Cordero R, Devine WP. Targeted therapy and 
checkpoint immunotherapy in lung cancer. Surg 
Pathol Clin. 2020;13(1):17–33.

[5] Vansteenkiste J, Crinò L, Dooms C, et al. 2nd ESMO 
consensus conference on lung cancer: early-stage 
non-small-cell lung cancer consensus on diagnosis, 
treatment and follow-up. Ann Oncol. 2014;25 
(8):1462–1474.

[6] Hirsch FR, Bunn PA Jr. Adjuvant TKIs in NSCLC: 
what can we learn from RADIANT? Nat Rev Clin 
Oncol. 2015;12(12):689–690.

[7] Steven A, Fisher SA, Robinson BW. Immunotherapy 
for lung cancer. Respirology. 2016;21(5):821–833.

[8] Sampath S. Treatment: radiation Therapy. Cancer 
Treat Res. 2016;170:105–118.

[9] Ahn MJ, Sun JM, Lee SH, et al. EGFR TKI combi-
nation with immunotherapy in non-small cell lung 
cancer. Expert Opin Drug Saf. 2017;16(4):465–469.

[10] Gainor JF, Varghese AM, Ou SH, et al. ALK rearrange-
ments are mutually exclusive with mutations in EGFR 
or KRAS: an analysis of 1,683 patients with non-small 
cell lung cancer. Clin Cancer Res off J Am Assoc 
Cancer Res. 2013;19(15):4273–4281.

[11] Denisenko TV, Budkevich IN, Zhivotovsky B. Cell 
death-based treatment of lung adenocarcinoma. Cell 
Death Dis. 2018;9(2):117.

[12] Hu Y, Dingerdissen H, Gupta S, et al. Identification of 
key differentially expressed MicroRNAs in cancer 
patients through pan-cancer analysis. Comput Biol 
Med. 2018;103:183–197.

[13] Xing R. miR-3648 promotes prostate cancer cell prolif-
eration by inhibiting adenomatous polyposis coli 2. 
J Nanosci Nanotechnol. 2019;19(12):7526–7531.

[14] Sun W, Li S, Yu Y, et al. MicroRNA-3648 is upregu-
lated to suppress TCF21, resulting in promotion of 
invasion and metastasis of human bladder cancer. 
Mol Ther Nucleic Acids. 2019;16:519–530.

[15] Rashid F, Awan HM, Shah A, et al. Induction of 
miR-3648 Upon ER stress and its regulatory Role in 
cell proliferation. Int J Mol Sci. 2017;18(7):1375.

[16] Lin GB, Zhang CM, Chen XY, et al. Identification of 
circulating miRNAs as novel prognostic biomarkers for 
bladder cancer. Math Biosci Eng. 2019;17(1):834–844.

[17] Emmadi R, Canestrari E, Arbieva ZH, et al. Correlative 
analysis of miRNA expression and Oncotype Dx 

recurrence score in estrogen receptor positive breast 
carcinomas. PloS One. 2015;10(12):e0145346.

[18] Letellier E, Haan S. SOCS2: physiological and patholo-
gical functions. Front Biosci (Elite Ed). 2016;8:189–204.

[19] Zheng Z, Li X, You H, et al. LncRNA SOCS2-AS1 
inhibits progression and metastasis of colorectal 
cancer through stabilizing SOCS2 and sponging 
miR-1264. Aging (Albany NY). 2020;12 
(11):10517–10526.

[20] Das R, Gregory PA, Fernandes RC, et al. MicroRNA- 
194 promotes prostate cancer metastasis by inhibiting 
SOCS2. Cancer Res. 2017;77(4):1021–1034.

[21] Liu W, Liu P, Gao H, et al. Long non-coding RNA 
PGM5-AS1 promotes epithelial-mesenchymal transi-
tion, invasion and metastasis of osteosarcoma cells 
by impairing miR-140-5p-mediated FBN1 inhibition. 
Mol Oncol. 2020;14(10):2660–2677.

[22] Zheng HB, Zheng XG, Liu BP. miRNA-101 inhibits 
ovarian cancer cells proliferation and invasion by 
down-regulating expression of SOCS-2. Int J Clin Exp 
Med. 2015;8(11):20263–20270.

[23] Zhou X, Xia Y, Li L, et al. MiR-101 inhibits cell growth 
and tumorigenesis of Helicobacter pylori related gastric 
cancer by repression of SOCS2. Cancer Biol Ther. 
2015;16(1):160–169.

[24] Tong JL, Wang LL, Ling XF, et al. MiR-875 can reg-
ulate the proliferation and apoptosis of non-small cell 
lung cancer cells via targeting SOCS2. Eur Rev Med 
Pharmacol Sci. 2019;23(12):5235–5241.

[25] Wang X, Liu S, Zhou Z, et al. A herpes simplex virus type 
2-encoded microRNA promotes tumor cell metastasis by 
targeting suppressor of cytokine signaling 2 in lung 
cancer. Tumour Biol. 2017;39(5):1010428317701633.

[26] Chhabra Y, Wong HY, Nikolajsen LF, et al. A growth 
hormone receptor SNP promotes lung cancer by 
impairment of SOCS2-mediated degradation. 
Oncogene. 2018;37(4):489–501.

[27] Chung CT, Yeh KC, Lee CH, et al. Molecular profiling of 
Afatinib-resistant non-small cell lung cancer cells in vivo 
derived from mice. Pharmacol Res. 2020;161:105183.

[28] Chen C, Tan R, Wong L, et al. Quantitation of 
microRNAs by real-time RT-qPCR. Methods Mol 
Biol. 2011;687:113–134.

[29] Luo H, Xu C, Le W, et al. lncRNA CASC11 pro-
motes cancer cell proliferation in bladder cancer 
through miRNA-150. J Cell Biochem. 2019;120 
(8):13487–13493.

[30] Zhang J, Zhou J, Xiao S. Shikonin inhibits growth, 
invasion and glycolysis of nasopharyngeal carcinoma 
cells through inactivating the phosphatidylinositol 3 
kinase/AKT signal pathway. Anticancer Drugs. 
2020;31(9):932–941.

[31] Rodriguez LG, Wu X, Guan JL. Wound-healing assay. 
Methods Mol Biol. 2005;294:23–29.

[32] Clément T, Salone V, Rederstorff M. Dual luciferase 
gene reporter assays to study miRNA function. 
Methods Mol Biol. 2015;1296:187–198.

BIOENGINEERED 3055



[33] Bierhoff H. Analysis of lncRNA-Protein interactions by 
RNA-protein pull-down assays and RNA 
Immunoprecipitation (RIP). Methods Mol Biol. 
2018;1686:241–250.

[34] Song Y, Shan B, Zeng S, et al. Raw and wine processed 
Schisandra chinensis attenuate anxiety like behavior via 
modulating gut microbiota and lipid metabolism 
pathway. J Ethnopharmacol. 2021;266:113426.

[35] Zhou Y, Zhang Z, Wang N, et al. Suppressor of cyto-
kine signalling-2 limits IGF1R-mediated regulation of 
epithelial-mesenchymal transition in lung 
adenocarcinoma. Cell Death Dis. 2018;9(4):429.

[36] Letellier E, Schmitz M, Baig K, et al. Identification of 
SOCS2 and SOCS6 as biomarkers in human colorectal 
cancer. Br J Cancer. 2014;111(4):726–735.

[37] Hoefer J, Kern J, Ofer P, et al. SOCS2 correlates with 
malignancy and exerts growth-promoting effects in pros-
tate cancer. Endocr Relat Cancer. 2014;21(2):175–187.

[38] Chen M, Wei L, Law CT, et al. RNA 
N6-methyladenosine methyltransferase-like 3 pro-
motes liver cancer progression through 
YTHDF2-dependent posttranscriptional silencing 
of SOCS2. Hepatology. 2018;67(6):2254–2270.

[39] Liu Y, Yang Y, Du J, et al. MiR-3613-3p from 
carcinoma-associated fibroblasts exosomes promoted 
breast cancer cell proliferation and metastasis by reg-
ulating SOCS2 expression. IUBMB Life. 2020;72 
(8):1705–1714.

[40] Wikman H, Kettunen E, Seppänen JK, et al. 
Identification of differentially expressed genes in 
pulmonary adenocarcinoma by using cDNA array. 
Oncogene. 2002;21(37):5804–5813.

[41] Yang B, Zhao F, Yao L, et al. CircRNA circ_0006677 
inhibits the progression and glycolysis in Non-Small- 
Cell lung cancer by Sponging miR-578 and regulating 
SOCS2 expression. Front Pharmacol. 2021;12:657053.

3056 Y. TU AND F. MEI


	Abstract
	Introduction
	Materials and methods
	Bioinformatics analysis
	Clinical samples
	Cell culture and transfection
	Real-time quantitative PCR (RT-qPCR)
	Cell viability assay
	5-bromodeoxyuridine (BrdU) uptake assay
	Wound healing assay
	Transwell invasion assay
	Luciferase reporter gene assay
	RNA pull-down assay
	Western blotting
	Statistical analyses

	Results
	Identification of miR-3648 and SOCS2 in LUAD
	miR-3648 promotes proliferation of LUAD cells
	miR-3648 promotes migration and invasion of LUAD cells
	SOCS2 is adownstream target gene of miR-3648
	miR-3648 reverses the suppressive effect of SOCS2 on the malignant phenotype of LUAD cells
	miR-3648 reverses the suppressive effects of SOCS2 on LUAD cell metastasis

	Discussion
	Conclusion
	Highlights
	Availability of Data and Materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Disclosure statement
	Funding
	References

