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Abstract
Lung adenocarcinoma (LUAD) patients exhibit poor prognosis, primarily due to metastasis. Emerging studies have demon-
strated that long noncoding RNAs (lncRNAs) play critical roles in cancer progression and metastasis besides their physi-
ological function. Here, we investigated the potential role of lncRNA MAF BZIP Transcription Factor G Antisense RNA 
1 (MAFG-AS1) in LUAD metastasis by analyzing its expression in The Cancer Genome Atlas (TCGA) LUAD database, 
and its function in LUAD using in vitro and in vivo experiments. We performed bioinformatics analysis, western blotting, 
dual-luciferase reporter gene assay, RNA immunoprecipitation (RIP), and rescue assays to reveal the molecular mechanisms 
underlying MAFG-AS1 function. We observed augmented expression of MAFG-AS1 in LUAD tissues compared with normal 
adjacent tissues, and its association with poor prognosis. Furthermore, MAFG-AS1 overexpression promoted LUAD cell 
migration, proliferation, invasion, and epithelial mesenchymal transition (EMT). Besides, MAFG-AS1 also targeted miR-
3196 directly by acting as an endogenous sponge, thereby rescuing the inhibition of SOX12, a target of miR-3196. Thus, 
the rescue assays demonstrated that MAFG-AS1 promotes cell migration, invasion, and EMT by modulating the miR-3196/
SOX12 pathway. In conclusion, our findings suggest that MAFG-AS1/miR-3196/SOX12 axis regulates LUAD progression 
and is a potential therapeutic target for LUAD.
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Abbreviations
LUAD	� Lung adenocarcinoma
TCGA​	� The cancer genome atlas
lncRNAs	� Long noncoding RNA
EMT	� Epithelial-mesenchymal transition
FBS	� Fetal bovine serum
qRT-PCR	� Quantitative real-time polymerase chain 

reaction
EdU	� 5-Ethynyl-2′-deoxyuridine
FISH	� Fluorescent in situ hybridization
RIP	� RNA immunoprecipitation
ceRNAs	� Competing endogenous RNAs

Introduction

Lung adenocarcinoma (LUAD) is the most predominant 
subtype of lung cancer, accounting for 40–50% of all lung 
cancer cases, and has the highest fatality rate [1, 2]. Despite 
remarkable progress in early diagnosis, targeted therapy, 
immunotherapy, and surgical interventions for the treat-
ment of lung cancer, LUAD patients still have a low 5‐year 
survival rate [3]. At present, invasion and early metastasis 
of LUAD are primarily responsible for unsatisfactory prog-
nosis, with the 5-year survival rate of 17% [4, 5]. Therefore, 
early diagnosis and effective treatment of LUAD necessi-
tates further investigations for identifying novel therapeutic 
targets.

LncRNAs are RNA molecules of over 200 nucleotides 
in length and do not encode for proteins [6]. They partici-
pate in a variety of biological processes such as the regu-
lation of gene expression, mRNA stabilization, facilitating 
interactions among proteins or between proteins and RNAs, 
and direct or indirect molecular orientation via epigenetic 
modifications [7]. Various studies have demonstrated the 
involvement of several lncRNAs in the regulation of lung 
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cancer pathogenesis and progression. Certain lncRNAs 
modulate the progression of lung cancer by acting as com-
peting endogenous RNAs (ceRNAs) [8, 9]. For instance, 
lncRNA MNX1-AS1 expedites lung cancer progression via 
the miR-527/BRF2 pathway [10]. LncRNA LCAT1 serves 
as a ceRNA to regulate the function of RAC1 by spong-
ing miR-4715-5p in lung cancer [11]. Likewise, lncRNA 
SNHG14 sponges miR-613 to facilitate tumor formation in 
LUAD [9]. MAFG-AS1 (MAFG-DT) is a lncRNA that plays 
significant roles in the progression of various cancers, such 
as bladder cancer [12], breast cancer [13], and colorectal 
cancer [14]; however, its role in LUAD, especially in context 
of cell invasion and migration, remains to be delineated.

LncRNA expression analysis using The Cancer Genome 
Atlas (TCGA) and Genotype-Tissue Expression (GTEx) 
revealed substantial overexpression of MAFG-AS1 in 
LUAD. Moreover, the expression of lncRNA MAFG-AS1 
was closely related to prognosis of LUAD patients as sig-
nificant difference was observed in the overall survival (OS), 
and a certain trend in disease-free survival (DFS) among 
patients with differential MAFG-AS1 expression. Hence, 
MAFG-AS1 was selected for further investigations in the 
present study. In this study, we aimed to investigate the 
effects of MAFG-AS1 on LUAD progression and delineate 
the potential underlying mechanisms. We discovered that 
LUAD patients overexpressing MAFG-AS1 exhibit poor 
survival rates. In vitro, lncRNA gain- and loss-of-function 
experiments uncovered that MAFG-AS1 acted as ceRNA to 
promote cell migration, proliferation, EMT, and invasion 
and regulated miR-3196/SOX12 axis. In addition, LUAD 
tumor growth was suppressed by MAFG-AS1 knockdown 
in vivo. In conclusion, our findings revealed that by acting 
as a ceRNA, MAFG-AS1 influences LUAD carcinogenesis 
and thus, is a potential therapeutic target for LUAD.

Materials and Methods

Bioinformatics Analysis

Datasets from TCGA database (https://​portal.​gdc.​cancer.​
gov/) and Genotype-Tissue Expression (GTEx) were used 
for studying differential lncRNA expression in LUAD. The 
list of differentially expressed lncRNAs (P value < 0.05, 
|log2FC|> 1) was retrieved with the help of R software. The 
results were corroborated with GEPIA (http://​gepia.​cancer-​
pku.​cn/). StarBase (http://​starb​ase.​sysu.​edu.​cn/) and miRDB 
(http://​mirdb.​org) were used to predict the lncRNA-miRNA 
interactions and the miRNA target genes, respectively.

Samples

The cancer and cancer-adjacent samples were obtained 
from patients with LUAD who visited our hospital between 
January 2015 and January 2019. The tumors were surgically 
resected before blanket inclusion of patients who received 
chemoradiotherapy and stored in liquid nitrogen (− 196 °C) 
until further experiments. All patients enrolled in the study 
provided written informed consent.

Culture and Transfection of Cells

The LUAD-derived (H1373, A549, HCC827, and PC-9 
cells) as well as normal lung epithelial 16HBE cells were 
procured from the Cell Resource of CAMS (Beijing, P. R. 
China). RPMI-1640 medium supplemented with 10% FBS 
(Gibco, Thermo Fisher Scientific Corp., MA, USA) was 
used for culturing cells in 5% CO2 at 37 °C.

The small interfering (si-MAFG-AS1) and an overexpres-
sion plasmid (MAFG-AS1 OE) for MAFG-AS1 were pur-
chased from Shanghai GenePharma Co., Ltd, Shanghai, P. 
R. China. The miR-3196 mimics and negative control (miR-
NC) were procured from RiboBio Co., Ltd., Guangzhou, P. 
R. China. Cells (5 × 104 cells/well) were seeded into 12-well 
cell culture plates. After 24 h, the cells were transfected with 
50 nM siRNA using Lipofectamine 3000 in accordance with 
manufacturer’s protocol (Invitrogen, Thermo Fisher Scien-
tific Corp., MA, USA).

Quantitative Real‐Time Polymerase Chain Reaction 
(qRT‑PCR)

In accordance manufacturer’s protocol, TRIzol® reagent 
(Invitrogen, Thermo Fisher Scientific Corp., MA, USA) was 
used to isolate total RNA from tissues and cells. The cDNA 
synthesis was performed using a reverse transcription kit 
(Takara Bio Inc., Liaoning, P. R. China) as per the manu-
facturer’s protocol. The qRT-PCR assays were performed 
using a SYBR-Green Master Mix kit (Takara Bio Inc.) on 
ABI 7000 real-time PCR system (Applied Biosystems, Invit-
rogen, Thermo Fisher Scientific Corp., MA, USA). GAPDH 
was used for evaluating the relative expression of MAFG-
AS1 and SOX12, while U6 was used to evaluate the expres-
sion of miR-3196, and 2−ΔΔCt method was used to calculate 
the relative lncRNA and mRNA expression. The primer 
sequences are enlisted in Table 1.

Fluorescence In Situ Hybridization (FISH)

To assess the subcellular localization of MAFG-AS1 in 
LUAD cells, we performed RNA FISH using the Ribo™ 

https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/
http://starbase.sysu.edu.cn/
http://mirdb.org
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Fluorescent in Situ Hybridization Kit (RiboBio Co., Ltd., 
P. R. China). The MAFG-AS1 probe was designed and 
synthesized by RiboBio Co., Ltd. and labeled with FAM 
fluorescent dye. DAPI (Beyotime Biotechnology., Beijing, 
P. R. China) was used to stain the nuclei. RNA FISH was 
performed on air-dried cells according to the manufacturer's 
instructions. Fluorescence was detected using a fluorescence 
microscope (Olympus Corporation, Tokyo, Japan). The 
experiment was repeated at least three times.

RNA Immunoprecipitation (RIP)

To study the interplay between MAFG-AS1 and miR-3196, 
RIP assays were performed using a Magna RIP™ RNA-
Binding Protein Immunoprecipitation Kit (Millipore (Shang-
hai) Trading Co., Ltd., Shanghai, P. R. China) in compliance 
with the manufacturer's protocol. Cells were lysed using a 
lysis buffer containing protease inhibitor cocktail and RNase 
inhibitor. The magnetic beads were preincubated with anti-
bodies against Ago2 (Abcam, Cambridge, UK) or rabbit 
IgG (Merck Millipore., MA, USA) for 1 h at room tempera-
ture, followed by immunoprecipitation of cell lysates with 
the magnetic beads at 4 °C overnight. Finally, RNA was 
eluted from the beads, purified, reverse-transcribed using a 
cDNA Synthesis Kit (TaKaRa Bio Inc), and qRT-PCR were 
performed.

Western Blotting

Total proteins were extracted from cells using RIPA lysis 
buffer and quantitated using the bicinchoninic acid assay. 
Subsequently, protein samples were resolved on SDS-PAGE 

mini gels, transferred onto PVDF membranes, and probed 
with primary antibodies (anti-SOX12; 1:1000 dilution and 
anti-GAPDH; 1:2000 dilution, both Abcam), and EMT Anti-
body Sampler Kit (Cell Signaling Technology, Inc., MA, 
USA; 1:1000 dilution) and secondary antibodies. The immu-
noreactive signals were visualized using an ECL substrate 
(Merck Millipore., MA, USA) and the NIH-ImageJ software 
was used for densitometry analysis, with GAPDH used as an 
endogenous control.

Cell Counting Kit‑8 (CCK‑8), EdU, and Colony 
Formation Assays

We utilized the CCK-8 kit (MyBioSource, Inc., CA, USA; 
Catalog no. MBS176412) for studying the proliferation of 
HCC827 and PC-9 cells 48 h after transfection. Briefly, cells 
(4 × 103 cells/0.1 mL medium) were added to each well of a 
96-well cell culture plate post-transfection. The cells were 
incubated at 37 °C and absorbance was measured at 450 nm 
every 24 h for a total of 72 h. The CCK-8 solution was added 
into each well 2 h before the measurement of absorbance.

The EdU assay was performed using the BeyoClick™ 
EdU Cell Proliferation Kit (Beyotime Biotechnology., Bei-
jing, P. R. China) in accordance with the manufacturer’s pro-
tocol. Cells (1 × 104 cells/well) were seeded onto 96-well cell 
culture plates and incubated overnight in 5% CO2 at 37 °C. 
Subsequently, the cells were fixed in 4% paraformaldehyde 
for 30 min and permeabilized for 10 min using 0.5% Triton 
X-100. The cells were imaged using a fluorescent micro-
scope (Leica, Wetzlar, Germany). The assay was performed 
at least three times.

For colony formation assays, the cells (700 cells/well) 
were seeded into 6-well cell culture plates in 10% FBS-
containing medium, which was replaced every 4 days and 
discarded 14 days later. Subsequently, the cells were fixed 
using methanol, the colonies were stained using Giemsa, and 
the images were captured. In every assay, each well was rep-
licated and assessed in triplicate, and the experiments were 
independently repeated three times. The number of colonies 
was evaluated with the help of NIH-ImageJ software.

Wound Healing Assay

Cell migration was evaluated using the wound-healing 
assays. Briefly, 5 × 104 cells were plated in 6-well cell cul-
ture plates and cultured overnight in high-glucose DMEM 
containing 10% FBS in 5% CO2 at 37 °C. Subsequently, the 
cells were then cultured in high-glucose DMEM without 
FBS. After 24 h serum starvation, the wounds were cre-
ated by scratching the cell monolayers with a 200 µL sterile 
pipette tip. The cells were washed to remove floating cells 
and incubated under serum-starved conditions. The images 
of the wound were capture immediately after scratching, and 

Table 1   Sequences of primers for qRT-PCR

Name Primer (5′-3′)

MAFG-AS1
 Forward CGA​AGA​TCT​CCT​CAC​CTC​CC
 Reverse TTA​AAG​CCG​GTC​GTG​GAG​AT

miR-3196
 Forward ACA​CTC​CAG​CTG​GGC​GGG​GCG​GCA​GG
 Reverse CTC​AAC​TGG​TGT​CGT​GGA​GTC​GGC​

AAT​TCA​GTT​GAG​GAG​GCC​CC
SOX12
 Forward GGC​ACC​TTA​CCA​GTC​TGT​CT
 Reverse CTT​CCT​GCC​ATC​ACA​TCT​GC

U6
 Forward CTC​GCT​TCG​GCA​GCACA​
 Reverse AAC​GCT​TCA​CGA​ATT​TGC​GT

GAPDH
 Forward CTG​GGC​TAC​ACT​GAG​CAC​C
 Reverse AAG​TGG​TCG​TTG​AGG​GCA​ATG​
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at specified time points. The wound distance was measured 
using NIH-ImageJ software to calculate the migration rate.

Transwell Assay

The assess the migratory potential of LUAD cells, 2 × 105 
cells were seeded on the upper chamber of Matrigel-coated 
Transwell membrane filter inserts (BD Biosciences, NJ, 
USA) containing 500 μL basal medium. The bottom cham-
ber was filled with medium (200 μL) containing 10% FBS as 
a chemoattractant. After 24 h incubation, the invaded cells 
on the lower membrane surface were fixed with paraformal-
dehyde for 15 min and then stained with a 0.1% crystal violet 
solution for 15 min. Finally, images were captures using an 
inverted microscope and the cells invaded to the lower mem-
brane were counted using the NIH-ImageJ software.

Dual‑Luciferase Reporter Gene Assay

The lncRNA MAFG-AS1 or SOX12 3′-UTR with the pre-
dicted or mutant target site for miR-3196 were synthesized 
and cloned into pGL3 reporter vectors (Promega Corpora-
tion, WI, USA). Subsequently, miR-3196 mimics or miR-NC 
and pGL3-MAFG-AS1-wild-type (Wt), pGL3-SOX12-Wt, 
pGL3-MAFG-AS1-mutant (Mut), or pGL3-SOX12-Mut con-
structs were transfected into cells. The cells were lysed after 
48 h to perform the dual-luciferase reporter assays using the 
Dual-Luciferase Reporter Assay System (Promega (Beijing) 
Biotech Co., Ltd., Beijing, P. R. China) as per the manufac-
turer’s instructions. The experiment was repeated at least 
three times.

Xenograft Mouse Model

Eighteen BALB/c male nude mice (aged 6 weeks) were 
purchased from Beijing Vital River Co., Ltd. (Beijing, P. 
R. China) and randomly distributed into six groups (n = 3 
per group). The mice were housed under standard condi-
tions (24 ± 2 °C, 50 ± 10% relative humidity, 12 h light/dark 
cycles) with unlimited access to standard rodent feed (Bei-
jing Keao Xieli Feed Co., Ltd., Beijing, P. R. China) and 
water. Hygienic conditions were maintained by weekly cage 
changes. Animal health and behavior were monitored daily, 
and body weight was assessed weekly over the course of the 
study. Animal experiments were carried out in accordance 
with the National Institute of Health’s Guide for the Care 
and Use of Laboratory Animals, with the approval of the 
Animal Research Committee of our hospital.

The right flank of mice was subcutaneously injected 
with HCC827 cells (5 × 106 cells) transfected with MAFG-
AS1 shRNA or shRNA NC (n = 3 per group, three repli-
cates). All 18 nude mice eventually developed tumors. The 
tumor dimensions were measured at an interval of 7 days 

using Vernier caliper and the tumor volumes were calcu-
lated as follows: volume = (length × width2)/2. All animals 
were euthanized after 4 weeks with pentobarbital overdose 
(> 120 mg/kg body weight) administered via intraperitoneal 
injection. Death was verified by loss of spontaneous breath-
ing. Xenograft tumor tissues were resected for subsequent 
analyses.

Statistical Analysis

The data were statistically analyzed using IBM SPSS Sta-
tistics 20.0 (IBM Corporation, NY, USA) and GraphPad 
Prism 8.0 (GraphPad Software Inc., CA, USA). Data col-
lected from at least three separate experiments are presented 
as mean ± standard deviation. Intergroup comparisons were 
analyzed using Student’s t-test or one-way analysis of vari-
ance. The association between MAFG-AS1 and SOX12 
expression was analyzed using Spearman’s correlation 
analysis. Statistical significance was set at P < 0.05.

Results

MAFG‑AS1 Expression is Upregulated in LUAD 
Tissues

Based on TCGA dataset analysis, lncRNAs overexpressed 
in LUAD and closely related to the prognosis of LUAD 
patients were selected for further investigations. The assess-
ment of a series of samples, including 483 LUAD tissues and 
347 cancer-adjacent or normal lung tissues from the TCGA 
or GTEx databases, respectively indicated that MAFG-AS1 
was remarkably overexpressed in LUAD tissues compared 
to the cancer-adjacent or normal lung tissues (Fig. 1a). This 
finding is consistent with that of GEPIA (http://​gepia.​can-
cer-​pku.​cn/) database. Furthermore, the Kaplan Meier sur-
vival analyses revealed that MAFG-AS1 overexpression is 
strongly associated with the OS of LUAD patients (Fig. 1b). 
Meanwhile, the DFS of LUAD was also affected to a certain 
extent (Fig. 1c). To confirm these findings, we measured 
MAFG-AS1 expression in LUAD tissues (n = 47) obtained 
from our hospital and found that MAFG-AS1 expression was 
remarkably higher in LUAD tissues than in the adjacent nor-
mal tissues (Fig. 1d). The patient characteristics are sum-
marized in Table 2. Moreover, the relative expression levels 
of MAFG-AS1 in LUAD cell lines (PC-9, H1373, HCC827, 
and A549) were remarkably higher than those in the normal 
human lung epithelial cell line (16HBE) (Fig. 1e). Among 
these LUAD cell lines, the expression level of MAFG-AS1 
was the highest in HCC827 cells and the lowest in PC-9 
cells. Consequently, PC-9 and HCC827 cells were selected 
for further studies.

http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/
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MAFG‑AS1 is Primarily Located in the Cytoplasm 
of LUAD Cells

To elucidate the potential mechanism by which MAFG-
AS1 functions in LUAD cells, the subcellular localization 
of MAFG-AS1 was investigated by performing RNA FISH 
and subcellular fractionation assays. The results of RNA 
FISH (Fig. 2a) and subcellular fractionation assays (Fig. 2b) 
showed that MAFG-AS1 was predominantly located in the 
cytoplasm of PC-9 and HCC827 cell lines.

MAFG‑AS1 Boosts Proliferation of LUAD Cells

To investigate the effect of MAFG-AS1 on LUAD cell pro-
liferation, the PC-9 cells and HCC827 cells were transfected 
with MAFG-AS1 overexpressing vectors (MAFG-AS1 OE) 
and MAFG-AS1 siRNA (si-MAFG-AS1), respectively 
(Fig. 3a). CCK8 and EdU assays showed that silencing 
MAFG-AS1 expression using specific siRNA inhibited while 

overexpressing MAFG-AS1 using MAFG-AS1 OE constructs 
augmented the proliferation of LUAD cells (Fig. 3b, c). Fur-
thermore, the results of colony formation assay indicated 
that MAFG-AS1 overexpression remarkably promoted col-
ony forming ability of LUAD cells, while silencing MAFG-
AS1 remarkably inhibited this characteristic (Fig. 3d). Over-
all, our findings provide evidence that MAFG-AS1 promotes 
the proliferation and colony formation abilities of LUAD 
cells.

MAFG‑AS1 Promotes the Migration, Invasion, 
and EMT of LUAD Cells

To understand the effect of MAFG-AS1 on the migration 
and invasion of LUAD cells, wound healing (Fig. 4a) and 
Transwell migration (Fig. 4b) assays were performed. The 
results revealed that in contrast to si-NC, si-MAFG-AS1 
distinctively inhibited the migratory and invasive poten-
tial of HCC827 cells, while MAFG-AS1 overexpression 

Fig. 1   MAFG-AS1 is upregulated in LUAD tissues. a TCGA dataset 
analysis of MAFG-AS1 expression in LUAD tissues (n = 483) and 
adjacent normal tissues (n = 347). b Kaplan–Meier analysis of the 
overall survival in LUAD patients (n = 477, P = 0.014) according to 
TCGA datasets. c Kaplan–Meier analysis of disease-free survival 

in LUAD patients (n = 477, P = 0.074) according to TCGA datasets. 
d qRT-PCR analysis of MAFG-AS1 expression in LUAD tissues 
(n = 47) and adjacent normal tissues. e qRT-PCR analysis of MAFG-
AS1 expression in LUAD cell lines and normal human lung epithelial 
cell line (16HBE). *P < 0.05 and **P < 0.01
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remarkably improved the motility of PC-9 cells relative to 
control (Fig. 4a, b). EMT is a well-established core pheno-
typic indicator of cancer invasion and metastasis. Hence, 
we tested the impact of varying MAFG-AS1 expression on 
primary EMT markers expressed in LUAD cells. The results 
showed that silencing MAFG-AS1 expression augmented the 
expression of E-cadherin in HCC827 cells (Fig. 4c), whereas 
the expression of N-cadherin and Snail1 were downregu-
lated. In contrast, opposite trends were observed in PC-9 
cells overexpressing MAFG-AS1. Overall, these findings 
indicate that MAFG-AS1 plays an anti-metastatic role in 
LUAD carcinogenesis.

MAFG‑AS1 Acts as a ceRNA of miR‑3196

In the cytoplasm, several lncRNAs act as csRNA and 
sponge certain miRNAs [15, 16]. Hence, we attempted to 
identify possible target miRNAs of MAFG-AS1 by explor-
ing the ceRNA regulatory network. Accordingly, putative 
miRNA binding sites were predicted using the starBase 
(http://​starb​ase.​sysu.​edu.​cn) (Table S1) and miRDB (http://​
mirdb.​org) (Table S2) databases, of which six were identi-
fied to be common in both (Fig. 5a). Furthermore, the RNA 
pull-down assay results demonstrated that MAFG-AS1 was 
more likely to pull down miR-3196 (Fig. 5b). As a result, 
miR-3196 was selected for further analysis. miRNAs which 
are predominantly distributed in the cytoplasm, could be a 

component of the RNA-induced silencing complex (RISC). 
Ago2 is required for miRNA-mediated gene silencing. In 
this study, we analyzed whether MAFG-AS1 and miR-3196 
are present in the same RISC using an RNA-binding protein 
immunoprecipitation (RIP) assay. The results revealed that 
MAFG-AS1 and miR-3196 were enriched in miR-containing 
Ago2 complexes compared with the IgG control (Fig. 5c). 
To further ascertain whether miR-3196 is a direct target of 
MAFG-AS1, two reporter plasmids coupled with full-length 
MAFG-AS1 3′-UTR harboring wild-type (Wt) or mutant 
(Mut) miR-3196 binding sites were constructed (Fig. 5d). 
Dual-luciferase assays in 293 T cells demonstrated that 
miR-3196 inhibited the luciferase activity in the MAFG-
AS1 Wt + miR-3196 mimic transfected cells, but not in the 
MAFG-AS1 Mut + miR-3196 mimic transfected cells com-
pared to scramble control transfected cells (Fig. 5e). These 
findings provide evidence that MAFG-AS1 functions as a 
ceRNA for miR-3196.

MiR‑3196 is Indispensable for MAFG‑AS1 ‑Mediated 
Migration, Invasion, and EMT of LUAD Cells

To determine whether MAFG-AS1-induced LUAD cell 
metastasis and EMT were mediated by miR-3196, Tran-
swell migration and western blotting assays were performed. 
Accordingly, MAFG-AS1 overexpression vectors were used 
to increase the expression of MAFG-AS1 in the HCC827 
cells (MAFG-AS1 OE) (Fig. 6a), and miR-3196 mimics 
were used to upregulate miR-3196 expression in HCC827 
and PC-9 cells (Fig. 6b). The results of Transwell migration 
assays showed miR-3196 mimics inhibited the migration and 
invasion of LUAD cells (Supplementary Fig. 1). Further-
more, the miR-3196 mimics reversed MAFG-AS1-triggered 
elevation of cell migration and invasion in HCC827 and 
PC-9 cells (Fig. 6c). Our immunoblotting studies revealed 
that overexpression of MAFG-AS1 attenuated the expression 
of E-cadherin, but increased N-cadherin expression in both 
the LUAD cell lines, which could be reversed by miR-3196 
mimics (Fig. 6d). Thus, our results validated our hypothesis, 
and provided evidence that MAFG-AS1 can directly target 
miR-3196 to regulate LUAD cell metastasis and EMT.

SOX12 is a Target of miR‑3196

To determine the target gene of miR-3196, bioinformat-
ics analysis was performed using miRDB, which predicted 
167 target genes (Table S3). Furthermore, the correlation 
between batches of lncRNAs and mRNAs was assessed 
according to the LUAD tissue-associated data obtained from 
the TCGA database; 473 mRNAs were found to be posi-
tively correlated with MAFG-AS1 expression (Table S4). 
Of the MAFG-AS1 positively correlated mRNAs, only 
PPFIA3 and SOX12 that bound miR-3196, (Fig. 7a) were 

Table 2   Correlation between MAFG-AS1 expression and clinico-
pathological features in LUAD patients

Total data from 47 tumor tissues of LUAD patients were analyzed. 
For the expression of MAFG-AS1 was assayed by qRT-PCR, the aver-
age expression level was used as the cutoff. Data were analyzed by 
Fisher’s exact test. P value in bold indicates statistically significant

Variables No. of cases MAFG-AS1 
expression

P value

High (40) Low (7)

Age(years) 0.416
  < 60 23 21 2
  ≥ 60 24 19 5

Gender 0.217
 Male 21 16 5
 Female 26 24 2

Smoking 0.676
 No 16 13 3
 Yes 31 27 4

TNM stage 0.012
 I–II 13 8 5
 III–IV 34 32 2

Lymph node metastasis 0.035
 No 21 15 6
 Yes 26 25 1

http://starbase.sysu.edu.cn
http://mirdb.org
http://mirdb.org
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positively correlated with MAFG-AS1 in LUAD as shown 
in Fig. 7b and Table S3 (Target Score > 70) and Table S4 
(Spearman's Correlation > 0.3). When miR-3196 was over-
expressed in HCC827 cells, the SOX12 mRNA level, but not 
that of PPFIA3 was found to be decreased (Fig. 7c). Con-
sequently, SOX12 was selected for further experiments. To 
ascertain whether SOX12 is a direct target of miR-3196, we 
constructed two reporter plasmids coupled with full-length 
SOX12 3′-UTR harboring Wt or Mut miR-3196 binding 
sites (Fig. 7d). Dual-luciferase reporter assays in 293 T 
cells showed that miR-3196 weakened the luciferase activ-
ity of the SOX12 Wt group compared to that of the SOX12 
Mut group (Fig. 7e). Furthermore, qRT-PCR results showed 
increased SOX12 expression in 47 LUAD tissues than in 
cancer-adjacent tissues (Fig. 7f). Similar to TCGA database, 
SOX12 and MAFG-AS1 were also positively correlated in 
the 47 LUAD tissues (Fig. 7g). Additionally, our western 
blotting assays revealed that miR-3196 mimics distinctively 
hindered the expression of SOX12 protein, while MAFG-
AS1 overexpression increased SOX12 protein expression 

(Fig. 7h and i). Moreover, miR-3196 mimics abrogated 
MAFG-AS1 overexpression-induced augmented SOX12 
protein levels to a limited degree. Taken together, these data 
indicate that SOX12 is a target of miR-3196 and is inhibited 
by miR-3196.

MAFG‑AS1 Downregulation Inhibits LUAD Tumor 
Growth In Vivo

To determine the role of MAFG-AS1 in the tumorigenicity 
of LUAD cells, in vivo assays were performed. The results 
revealed that MAFG-AS1 knockdown weakened the tumor‐
forming ability of HCC827 cells (Fig. 8a). Furthermore, 
compared to the sh-NC group, the sh-MAFG-AS1 group 
harbored tumors of smaller volume and weight (Fig. 8b, 
c). Subsequent analysis of MAFG-AS1 expression showed 
that the sh-MAFG-AS1 group exhibited remarkably reduced 
expression of MAFG-AS1 in the xenograft tumors compared 
to the sh-NC group (Fig. 8d). Overall, these findings suggest 

Fig. 2   MAFG-AS1 locates in the cytoplasm. a FISH assays were used 
to show the subcellular localization of MAFG-AS1 in HCC827 and 
PC-9 cells (scale bar = 10  μm). b A subcellular fractionation assay 

indicated  that MAFG-AS1 was mostly located in the cytoplasm, and 
U6 and GAPDH acted as endogenous controls for the nucleus and 
cytoplasm
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that MAFG-AS1 downregulation abrogates LUAD tumor 
growth in vivo.

Discussion

The vital role played by lncRNAs in the physiological 
process as well various cancers has been confirmed. For 
instance, HORAS5 promotes survival of castration-resist-
ant prostate cancer by activating the androgen receptor 
transcriptional program [17]. SOX2OT promotes the pro-
liferation of pancreatic cancer cells by binding to FUS [18]. 

Aberrant expression of lncRNA SNHG15 correlates with 
liver metastasis and poor survival in colorectal cancer [19]. 
CASC9 promotes LIN7A expression via miR-758-3p to 
increase the malignancy of ovarian cancer [20]. Accord-
ingly, our lncRNA expression study based on TCGA analy-
sis revealed that lncRNA MAFG-AS1 was remarkably over-
expressed in LUAD and demonstrated a close association 
with LUAD prognosis. Hence, it was selected for further 
experiments to evaluate whether it affects cancer-related 
processes such as metastasis, invasion, and EMT in LUAD. 
Our functional assays confirmed that MAFG-AS1 acts as an 
oncogenic lncRNA that promotes the proliferation, metas-
tasis, and EMT of LUAD cells.

Fig. 3   MAFG-AS1 boosts cell proliferation. a Transfection efficiency 
of MAFG-AS1 siRNA and MAFG-AS1 overexpression vector. b 
CCK-8 and c EdU were used to determine the effect of MAFG-AS1 

on cell proliferation. d Colony formation assay was used to determine 
the effect of MAFG-AS1 on cell colon. Data represent the mean ± SD 
of three independent experiments. **P < 0.01 and ***P < 0.001
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Several lncRNAs act as ceRNA and are involved in 
the development of various cancers [11, 21]. Our results 
of FISH and subcellular fractionation assays showed that 
MAFG-AS1 is primarily located in the cytoplasm. Thus, we 
used starBase, miRDB, and performed pull-down assays 
to screen for miRs that could bind with MAFG-AS1. Our 
results revealed that miR-3196 bound to MAFG-AS1 and 
regulated the promotion of MAFG-AS1-mediated LUAD cell 
metastasis and EMT. miRNAs can silence mRNAs by bind-
ing to their 3'-UTR. Furthermore, we confirmed that SOX12 
was the downstream target of miR-3196 and its expression 
levels were remarkably higher in LUAD. Moreover, MAFG-
AS1 and miR-3196 showed positive and negative regulation 
of SOX12 expression, respectively. Li et al. have confirmed 

that SOX12 functions as an oncogenic molecule during the 
development of human lung cancer [22], which is consistent 
with the conclusions presented in the present study.

This study had several limitations. First, we were unable 
to ascertain the clinical relevance of MAFG-AS1 in our 
study. Thus, a larger sample size is required to conclusively 
determine the clinical significance of MAFG-AS1. Second, 
the relationship between MAFG-AS1 and EGFR mutation 
status in lung adenocarcinoma was not analyzed, which is 
important since EGFR mutations play key roles in lung can-
cer; this should be explored in the future studies to validate 
our findings.

In conclusion, our study revealed a ceRNA network in 
LUAD comprising MAFG-AS1/miR-3196/SOX12 axis and 

Fig. 4   MAFG-AS1 promotes cell migration, invasion and EMT. a 
Wound healing assay was used to determine the effect of MAFG-
AS1 on cell migration. b Transwell assay was used to examine cell 

invasion. c Western blot analysis was utilized to explore the effect 
of MAFG-AS1 on EMT in two LUAD cell lines. Data represent the 
mean ± SD of three independent experiments. **P < 0.01
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Fig. 5   MAFG-AS1 acts as a ceRNA of miR-3196. a Venn diagram 
showed 6 mutual miRNAs (miR-3180-3p, miR-3180, miR-6816-5p, 
miR-3196, miR-24-3p, and miR-744-5p) interacting with MAFG-AS1 
that were found after searching starBase and miRDB databases. b 
RNA pull-down assays detected the interaction of MAFG-AS1 with 

the selected 6 miRNAs. c Bioinformatics predicted and mutated miR-
3196 binding sites of MAFG-AS1. d Dual-Luciferase reporter assay. 
e RIP assays exhibited the interaction between MAFG-AS1 and miR-
3196. Data represent the mean ± SD of three independent experi-
ments. **P < 0.01 and ***P < 0.001
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Fig. 6   MiR-3196 is indispensable for migration, invasion and EMT 
of LUAD cells facilitated by MAFG-AS1. a Transfection efficiency 
of MAFG-AS1 overexpression vector in HCC827 cells. b Transfec-
tion efficiency of miR-3196 mimics in HCC827 and HC-9 cells. c 
Transwell assay was used to examine cell invasion and migration. 

d Western blot analysis was utilized to explore the effect of MAFG-
AS1 and miR-3196 on EMT in two LUAD cell lines. Data represent 
the mean ± SD of three independent experiments. **P < 0.01 and 
***P < 0.001



981Molecular Biotechnology (2022) 64:970–983	

1 3

Fig. 7   SOX12 is a target of miR-3196 and inhibited by miR-3196. a 
Venn diagram showed 2 mutual mRNAs (PPFIA3 and SOX12) bind-
ing with miR-3196. b Spearman’s correlation analysis indicated the 
relationship between SOX12 and MAFG-AS1 based on TCGA data-
sets. c RT-PCR showed that miR-3196 inhibited the expression of 
SOX12. d Bioinformatics predicted and mutated miR-3196 binding 
sites of SOX12. e Dual-Luciferase reporter assay. f qRT-PCR analy-
sis of SOX12 expression in LUAD tissues (n = 47) and adjacent nor-

mal tissues. g Spearman's correlation analysis indicated the relation-
ship between SOX12 and MAFG-AS1 based on 47 LUAD samples. h 
Western blot assay was utilized to explore the effect of miR-3196 on 
the protein expression of SOX12. i Western blot assay was utilized to 
explore the effect of miR-3196 and MAFG-AS1 on the protein expres-
sion of SOX12. Data represent the mean ± SD of three independent 
experiments. **P < 0.01 and ***P < 0.001
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highlighted that MAFG-AS1 is a promising target for LUAD 
treatment and prognosis.
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