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Abstract
Background Semaphorin 3B (SEMA3B) is frequently inactivated in several carcinomas. However, as the host gene of miR-
6872, the roles of SEMA3B, antisense lncRNA SEMA3B-AS1, and miR-6872 in gastric cardia adenocarcinoma (GCA) 
tumorigenesis have not been clarified.
Methods The expression levels of SEMA3B, SEMA3B-AS1, and miR-6872 were respectively detected by qRT-PCR, west-
ern blot, or immunohistochemical staining assays. The methylation status was determined by BGS and BS-MSP methods. 
In vitro assays were preformed to explore the biological effects of SEMA3B, SEMA3B-AS1, and miR-6872-5p in gastric 
cancer cells. Chromatin immunoprecipitation assay was used to detect the binding of protein to DNA. The interaction of 
SEMA3B-AS1 with MLL4 was identified by RNA immunoprecipitation and RNA pull-down assays.
Results Frequent downregulation of SEMA3B, SEMA3B-AS1, and miR-6872 was detected in GCA tissues and gastric cancer 
cells. Aberrant hypermethylation of the promoter region was more tumor specific and was negatively correlated with the 
expression level of SEMA3B, SEMA3B-AS1, and miR-6872-5p. Transcription factor Sp1 activated SEMA3B or SEMA3B-
AS1 transcription and CpG sites hypermethylation within promoter region eliminated Sp1 binding ability. Overexpression 
of SEMA3B and SEMA3B-AS1 inhibited gastric cancer cell proliferation, migration, and invasion in vitro. SEMA3B-AS1 
induced the expression of SEMA3B by interacting with MLL4. ZNF143 might be the target gene of miR-6872-5p and miR-
6872-5p functioning synergistically with SEMA3B to suppress cell invasion. Furthermore, SEMA3B, SEMA3B-AS1, and 
miR-6872-5p expression levels were associated with GCA patients’ survival.
Conclusions SEMA3B, SEMA3B-AS1, and miR-6872 may act as tumor suppressors and may serve as potential targets for 
antitumor therapy.
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Background

Gastric cardia adenocarcinoma (GCA) was formerly consid-
ered as esophageal cancer or gastric cancer. However, due 
to the distinct epidemiological and biological characteristics 
and improvement in classification, GCA has been diagnosed 
independently in recent years [1]. Despite the worldwide 
steady decline in the incidence and mortality of noncardia 
gastric cancer, the incidence of GCA is on the rise both in 
developing and developed countries during the past few 
decades [2]. About 50% of stomach adenocarcinomas now 
diagnosed in the developed countries arise from the cardia 
region [3]. In China, the incidence of GCA has increased 
gradually in the past few years, especially in some rural 
areas bordering Taihang Mountains including Cixian and 
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Shexian of Hebei Province, Linxian of Henan Province [4]. 
Helicobacter pylori infection is the strongest identified risk 
factor for noncardia gastric cancer [5]; in contrast, the exact 
risk factors and etiology for GCA still remain unclarified.

Loss of heterozygosity (LOH) on the chromosome 3p 
is one of the most frequent events in a variety of human 
epithelial tumors [6] and may influence the expression of 
several potential tumor suppressor genes (TSGs) located at 
the region, such as RASSF1A, BLU, hMLH1 at 3p21.3 [7], 
FHIT at 3p14 [8], and DUTT1 at 3p12 [9]. Our previous 
study has detected downregulation and promoter hypermeth-
ylation of RASSF1A in GCA [10]. It is necessary to study 
the roles of other TSGs at this region in GCA tumorigenesis. 
Semaphorin 3B (SEMA3B), located on 3p21.3, is frequently 
inactivated in several types of carcinomas [11–15]. SEMA3, 
the only secreted soluble molecules of semaphorins family, 
was first identified as glycoproteins that negatively mediate 
neuronal guidance by binding to neuropilin and repelling 
neurons away from the source of SEMA3 [16]. The follow-
ing studies have demonstrated that SEMA3B play inhibitory 
roles in tumor proliferation and angiogenesis [17]. Moreo-
ver, like other TSGs located at 3p21.3, the inactivation of 
SEMA3B in tumors may be caused by multiple mechanisms 
including allelic loss and aberrant CpG site methylation [11, 
14, 15, 18–20]. However, the critical CpG sites and exact 
roles of SEMA3B in GCA have not been clarified.

MiR-6872 is located in the intron of SEMA3B. The 
genes in which these intronic miRNAs are embedded are 
called host genes [21]. Intronic miRNAs may co-express and 
play synergetic role as a partner of their host genes or play 
antagonistic role as an enemy and with the opposite expres-
sion level with their host genes [22]. The role of miR-6872 
and its correlation with SEMA3B in tumorigenesis have 
not been reported. Furthermore, another long non-coding 
RNA (lncRNA), SEMA3B-AS1, has attracted our attention. 
As an antisense lncRNA, SEMA3B-AS1 has no open read-
ing frame and coding capacity and is classified as lncRNA. 
LncRNAs are generally greater than 200 bp in transcript size 
and are associated with a series of biological processes [23, 
24]. LncRNAs may play important roles in tumorigenesis 
[25]. Similar to protein-coding genes, lncRNA expression 
is subject to changes in gene dosage (e.g., copy-number 
alterations) and promoter utilization (e.g., DNA methyla-
tion) that occur in cancer initiation and progression [26]. A 
considerable amount of lncRNAs showed significant CpG 
island hypomethylation or hypermethylation in different 
kinds of tumors [27]. Hypermethylation of SEMA3B-AS1 
has been detected in breast cancer [27]; however, the role 
and epigenetic alterations of SEMA3B-AS1 in GCA have 
not been reported. In the present study, we investigated the 
expression pattern and functional roles of SEMA3B, its anti-
sense lncRNA SEMA3B-AS1, and miR-6872 in GCA tumo-
rigenesis, detected the methylation status of the different 

regions and identified the critial CpG sites in inactivating 
the expression of SEMA3B, SEMA3B-AS1, and miR-6872, 
and further analyzed their prognostic significance in GCA 
tumorigenesis.

Materials and methods

Patients and specimens

One hundred and twenty-two patients with GCA (99 males, 
23 females, median age 58.5 years, ranged from 37 to 
72 years) undergoing surgery at the Fourth Hospital, Hebei 
Medical University, between the years of 2008 and 2012 
were included in the present study. All gastric cardia car-
cinomas were adenocarcinomas with their epicenters at the 
gastroesophageal junction, i.e., from 1 cm above until 2 cm 
below the junction between the end of the tubular esopha-
gus and the beginning of the saccular stomach [28]. Indi-
viduals with at least one first-degree relative or at least two 
second-degree relatives having esophageal/cardia/gastric 
cancer were defined as having upper gastrointestinal can-
cer (UGIC) family history. Information on clinical data and 
clinicopathologic characteristics was available from hospi-
tal recordings and pathological diagnosis. Recurrence and 
survival data were ascertained through the Tumor Registry 
and hospital chart review (Supplementary table 1). Primary 
GCA tissues and corresponding adjacent non-tumorous tis-
sues were obtained from the GCA patients. Tissue samples 
were divided into two parallel parts, one part was formalin 
fixed and paraffin embedded, and the other part was frozen 
and stored at − 80 °C to extract genomic DNA and RNA.

Cell culture and treatment

Human gastric cancer cell lines BGC-823, MGC-803, SGC-
7901, HGC-27, and NCI-N87 were obtained from American 
Type Culture Collection (ATCC, Manassas, VA, USA) and 
cultured in DMEM (Gibco, Invitrogen, Life Technologies, 
Germany) medium under the conventional culture condi-
tions. Cells were detected and identified as mycoplasma and 
free bacteria according to ATCC during the past 3 months. 
For drug treatment, cells were seeded at a low density and 
incubated for 24 h prior to treatment with DNA methyl-
transferase inhibitor 5-aza-2′-deoxycytidine (5-Aza-dC) or 
histone deacetylase inhibitor TSA. All five gastric cancer 
cells (2 × 105/mL) were treated either with 5 µM 5-Aza-dC 
(Sigma, St Louis, MO, USA) for 72 h and medium contain-
ing 5-Aza-dC was changed every 24 h or with 0.3 µM TSA 
(Sigma, St Louis, MO, USA) for 24 h or with the combina-
tion of 5 µM 5-Aza-dC for 48 h, followed by 0.3 µM TSA for 
an additional 24 h. Control cells received no drug treatment.
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RNA isolation and quantitative real‑time reverse 
transcription PCR (qRT‑PCR) assay

Total RNA was isolated from cell lines, frozen tumor, and 
corresponding normal tissues using TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA). For target gene expression, 2 µg 
RNA was used to synthesize single-stranded cDNA using the 
advantage RT-for-PCR kit (Clontech, Palo Alto, CA, USA). 
Power SYBR Green PCR Master Mix (Life Technology, Foster 
City, CA, USA) was used as the amplification reaction mix-
ture. The human GAPDH gene was used as an internal control. 
For miR-6872-5p expression, miRcute miRNA First-strand 
cDNA Synthesis Kit (Tiangen, China) was used to synthesize 
the first strand of cDNA, and miRcute miRNA qPCR Detec-
tion Kit (SYBR Green) (Tiangen, China) was used to detect 
its expression. Human U6 snRNA was used for miR-6872-5p 
normalization. The  2−ΔΔCT method was used to calculate the 
relative expression of target genes [29]. The primers and reac-
tion conditions are listed in Supplementary table 2. All the 
samples were run in triplicate.

Western blot analysis

Whole cell lysates from the cell lines were prepared by lys-
ing the cells in ice-cold RIPA buffer. Total cell lysates were 
prepared and 20 µg of proteins was subjected to Western 
blot analysis in 12% SDS–PAGE gels electrophoresis under 
denaturing and reducing conditions. Specific primary anti-
bodies for SEMA3B (rabbit anti-human polyclonal anti-
body, ab48197; Abcam, UK), MLL4 (mouse anti-human 
monoclonal antibody, ab56770; Abcam, UK), and ZNF143 
(rabbit anti-human polyclonal antibody, ab96650; Abcam, 
UK) were, respectively, used. GAPDH was used as a load-
ing control.

Immunohistochemical staining assay

SEMA3B protein expression was detected by immunostain-
ing using the avidin–biotin complex immunoperoxidase 
method, which was performed on paraffin-embedded tumor 
tissue section and corresponding normal tissue section. Rab-
bit anti-human polyclonal antibody for SEMA3B (1:100 
dilution; Abcam, UK) was used to detect protein expression 
of SEMA3B. Scoring accounted for both representation of 
the areas and intensities of the stains. All of the slides were 
examined concurrently by three experienced pathologists, 
who were blinded to the clinical data.

Methylated CpG sites distribution via bisulfite 
genomic sequencing (BGS) method

Genomic DNA was extracted from cultured cell lines, fro-
zen GCA tissues, and corresponding normal tissues using 

a simplified proteinase K digestion method. To examine 
the DNA methylation patterns, 1 µg of genomic DNA was 
bisulfite modified using Epitect Fast Bisulfite Conversion 
Kits (Qiagen, Germany) according to the manufacturer’s 
protocol. The general methylated CpG site distribution in 
the five gastric cancer cell lines was detected by BGS assay. 
Two pairs of primers [region 1: for SEMA3B: from − 126 
to 173 bp (located in promoter to exon 1), for SEMA3B-
AS1: from − 359 to − 61  bp; region 2: for SEMA3B: 
from 1406 to 1740 bp (located in intron 1 to exon 2), for 
SEMA3B-AS1: from − 1592 to − 1926 bp] were designed 
to recognize sodium bisulfite-converted DNA. Fifty ng of 
bisulfite-modified DNA was subjected to PCR amplification 
and the PCR products were cloned into pGEM-T vectors 
(Promega, Madison, WI, USA). 8–10 clones of each speci-
men were sequenced by automated fluorescence-based DNA 
sequencing.

Methylation analysis of the different 
regions via bisulfite conversion‑specific 
and methylation‑specific polymerase chain reaction 
(BS‑MSP) method

According to the distribution of the main methylated CpG 
sites by BGS assay, the methylation status of two regions 
of SEMA3B (region 1: for SEMA3B: from − 37 to 57 bp, 
for SEMA3B-AS1: from − 243 to − 150 bp; region 2: for 
SEMA3B: from 1459 to 1591 bp, for SEMA3B-AS1: from 
− 1645 to − 1777 bp) were respectively analyzed by BS-
MSP method as previously described using bisulfite-treated 
genomic DNA. The primers and reaction conditions are 
listed in Supplementary table 2. The methylated genomic 
DNA treated by CpG methyltransferase (Sss I) (New Eng-
land BioLabs, Beverly, MA, USA) in vitro was used as a 
positive control and water blank was used as a negative con-
trol. The reactions were performed in duplicate with each of 
the samples.

Luciferase constructs

To explore the transcriptional regulation of SEMA3B 
or SEMA3B-AS1, three promoter reporter plasmids of 
SEMA3B (pGL3-B1 spanned the − 404 to 65 bp; pGL3-
B2 spanned the − 245 to 65 bp; pGL3-B3 spanned the − 96 
to 65 bp) and SEMA3B-AS1 (pGL3-S1 spanned the − 452 
to 59 bp; pGL3-S2 spanned the − 251 to 59 bp; pGL3-S3 
spanned the − 91 to 59 bp) were constructed. To explore the 
regulation effect of miR-6872-5p on ZNF143 expression, 
the wild-type 3′-UTR pmirGLO-ZNF143 or diverse mutant 
pmirGLO-ZNF143-mut reporter plasmids were constructed. 
These recombination plasmids were then sequenced for 
confirmation.
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Luciferase assay

1 × 105 BGC-823 cells per well were seeded in 24-well 
dish 24 h before transfection. In all, 200 ng of constructed 
reporter plasmids, pGL3-control vector (positive control) 
or pGL3-basic vector (negative control) constructs were 
cotransfected with 10 ng of pRL-TK vector using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA, USA). Luciferase 
activity was measured with the Dual-Luciferase Reporter 
Assay System (Promega, Madison, WI, USA). Promoter 
activities were expressed as the ratio of Firefly luciferase 
to Renilla luciferase activity. For the regulation effect of 
miR-6872-5p on ZNF143 transcriptional activity, the BGC-
823 cells were transfected with either miR-6872-5p mimic 
(25 nM) or mimic control (25 nM) at 24 h after transfection 
with pmirGLO-ZNF143 or pmirGLO-ZNF143-mut reporter 
plasmids. After transfection for 48 h, the reporter luciferase 
activity was measured with the Dual-Luciferase Reporter 
assay system. Each data point was obtained in triplicate.

In vitro DNA methylation

Construct pGL3-B3 and pGL3-S2 were in vitro methyl-
ated as described previously [30]. Two hundred ng of mock 
or SSI-treated vector was transfected in BGC-823 cells. 
After 48 h, luciferase and Renilla activity were assayed as 
described above.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was carried out with EZ-Magna ChIP A/G (17-
10086, Upstate, Millipore, MA, USA) according to the man-
ufacturer’s instructions. Antibodies against Sp1, MLL4, and 
H3K4me3, H3K9ac, and H3K9me2 within the SEMA3B 
promoter in BGC-823 cells (Upstate, Millipore, MA, USA) 
were used for immunoprecipitation. ChIP-derived DNA was 
quantified using real-time PCR analysis. The primers located 
in the promoter region of SEMA3B or SEMA3B-AS1 are 
shown in Supplementary table 2. Amplifications were per-
formed in triplicate, and the enrichment was determined 
compared with input.

Cell transfection

For overexpression of SEMA3B and SEMA3B-AS1, the 
sequence of SEMA3B or SEMA3B-AS1 was synthesized 
and subcloned into pcDNA3.1 (Invitrogen, Carlsbad, CA, 
USA). The BGC-823 and MGC-803 cells were trans-
fected with SEMA3B or SEMA3B-AS1 expression plas-
mid (pcDNA3.1-SEMA3B or pcDNA3.1-SEMA3B-AS1) 
or the empty vector (pcDNA3.1-EV) as control at a final 
concentration of 2 ug/uL using FuGENE HD Transfection 
Reagent (Promega, Madison, WI, USA). After transfection, 

cells were incubated in antibiotic-free medium for 5 h, fol-
lowed by replacement with fresh normal growth medium 
for a further incubation of 43 h by adding 800 µg/mL of 
G418 (Life Technologies, Carlsbad, CA, USA) to the supple-
mented culture medium. Resistant cell clones were isolated 
and expanded for further characterization. For inhibition of 
SEMA3B and SEMA3B-AS1, HGC-27 cells were respec-
tively transfected with SEMA3B- or SEMA3B-AS1-specific 
shRNA plasmid using FuGENE HD Transfection Reagent, 
and a scrambled shRNA was used as a negative control. For 
overexpression of miR-6872-5p, BGC-823 and MGC-803 
cells were transfected with miR-6872-5p mimic or mimic 
control (Ambion, Austin, TX, USA) at a final concentra-
tion of 25 nmol/L, and for downregulation of miR-6872-5p, 
HGC-27 cells were transfected with miR-6872-5p inhibitor 
or inhibitor control (Ambion, Austin, TX, USA).

Cell proliferation assay

The proliferation of SEMA3B- or SEMA3B-AS1-trans-
fected BGC-823 and MGC-803 cells or shRNA-transfected 
HGC-27 cells was measured by cell-counting kit-8 (CCK-
8) assay. Before proliferation was detected, 10 µl of CCK8 
(Dojindo, Japan) was added to the 100 µl cultured cells, and 
after incubation for 2 h at 37 °C, the absorbance of each well 
was measured at a wavelength of 450 nm. All experiments 
were performed in triplicate.

Wound healing assay

Cell migration levels were determined by wound healing 
assay. A wound was produced by a straight scratch with a 
200 µL pipette tip in the cultured cells, and then the images 
captured at the same position of each well 0 h, 12 h, and 
24 h after the wound was created under a microscope. The 
relative distance of cell migration to the scratched area was 
measured and a healing percentage was calculated. The 
experiments were repeated in triplicate.

Cell invasion assay

The invasion ability of cells was evaluated in 24-well tran-
swell chambers (Corning, Kennebunk, ME, USA). The 
transwell chambers were coated with 30 µg Matrigel and 
incubated at 37 °C for 1 h. The 5 × 104 cells/well were added 
in the upper chambers, and RPMI-1640 medium containing 
10% FBS was added to the lower chambers. After 24 h at 
37 °C, invasive cells located on the lower chamber were 
fixed with methanol and stained with crystal violet. The 
invaded cell numbers were counted in five microscopic fields 
(at × 100 magnification) per filter. The experiments were 
repeated in triplicate.
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Subcellular fractionation

To determine the cellular localization of SEMA3B-AS1, 
cytoplasmic and nuclear RNA were isolated from HGC-27 
and NCI-N87 cells using Nuclear/ Cytosol Fractionation Kit 
(BioVision, Milpitas, CA, USA) according to the manufac-
turer’s instructions.

RNA immunoprecipitation assay

The binding of SEMA3B-AS1 to MLL4 was determined by 
RNA immunoprecipitation (RIP) assay using MLL4 anti-
body and the Magna RIP™ RNA-Binding Protein Immuno-
precipitation Kit (Millipore, Billerica, MA, USA) according 
to the manufacturer’s instructions. The IgG antibody was 
used as a negative control. The purified RNA was detected 
by qRT-PCR assay.

RNA pull‑down assay

RNA pull-down assay was performed using Pierce Mag-
netic RNA–Protein Pull-Down Kit (Pierce Biotechnology, 
Rockford, IL, USA) in accordance with the manufacturer’s 
instructions. Briefly, biotinylated SEMA3B-AS1 or anti-
sense SEMA3B-AS1 was incubated with whole-cell lysates 
extracted from BGC-823 cells, and then complexes were iso-
lated with streptavidin magnetic beads. The MLL4 protein 
present in the pull-down material was detected by western 
blot analysis.

Statistical analysis

Statistical analysis was performed with SPSS19.0 software 
package (SPSS Company, Chicago, Illinois, USA). The qRT-
PCR results were expressed as the mean ± SD. Student’s t 
test was used to compare the expression levels between dif-
ferent groups. The comparison of protein expression and 
methylation frequency between two groups was conducted 
using Pearson’s Chi square test. Survival curves were made 
by using the Kaplan–Meier method, and the log-rank or the 
Breslow tests were used as needed for the univariate com-
parison of SEMA3B, SEMA3B-AS1, or miR-6872 expres-
sion and methylation categories. All statistical tests were 
two sided, and P < 0.05 was considered to be statistically 
significant.

Results

Downregulation of SEMA3B in GCA 

The schematic representation of genomic organization 
of SEMA3B, SEMA3B-AS1, and miR-6872 is shown in 

Fig. 1a. There are seven transcripts of SEMA3B due to alter-
native splicing, and there are 187 base interval between the 
transcriptional start site of SEMA3B and SEMA3B-AS1. 
MiR-6872 is located at the intron of SEMA3B. We first 
scanned the relative expression level of SEMA3B in differ-
ent normal tissues in the GENEBANK dataset and in various 
tumor types in the GEPIA dataset, and found relative high 
expression level of SEMA3B in stomach, adrenal, kidney, 
etc. (Fig. 1b), while the expression level of SEMA3B was 
downregulated in most of the tumor types (Fig. 1c). We 
examined the expression level of 7 transcripts of SEMA3B 
in normal tissues and identified that transcript 1 was the 
main transcript (Fig. 1d). We mainly focused on SEMA3B 
transcript 1 in the following studies.

A significantly decreased mRNA expression level of 
SEMA3B transcript 1 was detected in five gastric cancer 
cells (Fig. 1e). The mRNA expression level of SEMA3B 
in GCA tumor tissues was significantly decreased than in 
corresponding normal tissues (P < 0.01) (Fig. 1f). Among 
them, 70 patients (57.4%) demonstrated less than 50% 
expression level of SEMA3B in tumor tissues compared 
to the corresponding normal tissues. The expression level 
of SEMA3B in GCA tumor tissues was associated with 
TNM stage, pathological differentiation, and lymph node 
metastasis (P < 0.05) (Fig. 1g). The pattern of immunohisto-
chemical staining of SEMA3B was cytoplasmic and nuclear, 
mainly cytoplasmic (Fig. 1h). Positive protein expression 
frequency of SEMA3B in tumor tissues (38.5%, 47/122) 
was significantly lower than that in corresponding normal 
tissues (79.5%, 97/122) (P < 0.05) (Supplementary table 3). 
SEMA3B protein expression was associated with TNM 
stage, pathological differentiation, and lymph node metas-
tasis (P < 0.05) (Table 1). The mRNA expression level of 
SEMA3B in GCA patients with negative SEMA3B protein 
expression was decreased compared to that with positive 
SEMA3B protein expression (Fig. 1i). Survival analysis fur-
ther verified that GCA patients with low SEMA3B mRNA 
expression level (the expression level of SEMA3B in the 
tumor tissues was less than 50% of that in corresponding 
normal tissues) or negative SEMA3B protein expression 
showed poorer survival rate (log-rank test, P < 0.05) (Fig. 1j, 
k).

Decreased expression of SEMA3B‑AS1 in GCA 

SEMA3B-AS1 has no open reading frame and coding capac-
ity predicted by Coding Potential Calculator and Coding 
Potential Assessment Tool (Supplementary table 4). As 
shown in Fig. 2a, b, the expression trend of SEMA3B-AS1 in 
normal tissues in GENEBANK dataset and in various tumor 
types in GEPIA dataset was similar to SEMA3B, which 
demonstrated a relatively high expression level in normal tis-
sues and downregulated in most of the tumor types. Similar 
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to the expression of SEMA3B, downregulation of SEMA3B-
AS1 was also detected in gastric cancer cells and tumor tis-
sues (Fig. 2c, d). Among them, 82 patients (67.2%) demon-
strated less than 50% expression level of SEMA3B-AS1 in 
tumor tissues compared to the corresponding normal tissues. 
The expression level of SEMA3B-AS1 in GCA tumor tis-
sues was associated with TNM stage, pathological differ-
entiation, and lymph node metastasis (P < 0.05) (Fig. 2e). 
Survival analysis further verified that GCA patients with 
low SEMA3B-AS1 expression level (the expression level 
of SEMA3B-AS1 in the tumor tissues was less than 50% of 
that in corresponding normal tissues) showed poorer sur-
vival rate (log-rank test, P < 0.05) (Fig. 2f). Interestingly, the 
general expression level of SEMA3B-AS1 was lower when 

compared with the mRNA expression level of SEMA3B 
either in normal tissues or in GCA tissues (Fig. 2g). How-
ever, the average fold change of SEMA3B-AS1 expression 
was higher than SEMA3B mRNA expression when GCA tis-
sues compared to corresponding normal tissues. The mRNA 
expression level of SEMA3B was positively correlated with 
SEMA3B-AS1 in GCA tissues (Fig. 2h).

Upregulation of SEMA3B and SEMA3B‑AS1 
by 5‑Aza‑dC or TSA treatment in gastric cancer cells

Kuroki first detected the methylation status of intron 1 in 
SEMA3B [19], and most of the following research focused 
on the intronic CpG island methylation status [15, 18, 20]. 
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Recently, Loginov [11, 31] detected the methylation of 
promoter CpG island was correlated with inactivation of 
SEMA3B. Based on the reported studies, we first analyzed 
the distribution of CpG islands of SEMA3B (Fig. 3a). We 
detected the methylation status of the promoter region and 
intron 1 of SEMA3B in the following studies. As shown in 
Fig. 3b, c, the expression levels of SEMA3B and SEMA3B-
AS1 were significantly increased in the five gastric cancer 
cell lines after treatment with 5-Aza-dC and TSA, and the 
increased effect was more obvious after treatment with 
5-Aza-dC + TSA.

Distribution of methylated CpG sites and aberrant 
methylation status of two regions in GCA 

As shown in Fig. 3d, frequent methylation of the CpG sites 
within the two regions was observed by BGS assay in the 
gastric cancer cells. BS-MSP method was subsequently used 
to detect the methylation status of these CpG sites. As shown 
in Fig. 3e, methylation of region 1 and region 2 was detected 

in gastric cancer cells and the methylation status of region 1 
was completely reversed after 5-Aza-dC treatment. For pri-
mary GCA tissues and corresponding normal tissues, meth-
ylation frequency was 56.6% (69/122) and 10.7% (13/122) 
at region 1, 40.2% (49/122) and 29.5% (36/122) at region 2, 
respectively (Supplementary table 3). The methylation fre-
quency of region 1 in GCA tissues was significantly higher 
than that in corresponding normal tissues (P < 0.05). The 
methylation status of region 1 in GCA tissues was associated 
with TNM stage, pathological differentiation, and lymph 
node metastasis (P < 0.05), while the methylation status of 
region 2 in GCA tissues was not associated with any clin-
icopathologic characteristics (Table 1).

The association of SEMA3B and SEMA3B‑AS1 
expression and methylation in GCA tissues

The mRNA expression level of SEMA3B in GCA tissues 
with hypermethylation of region 1 was significantly lower 
than that with unmethylation of the region (P < 0.05); how-
ever, the expression level was not associated with meth-
ylation status of region 2 (P > 0.05) (Fig. 3f). The protein 
expression level of SEMA3B was significantly correlated 
with region 1 methylation status and was not correlated 
with region 2 methylation status (Supplementary table 5). 
The expression level of SEMA3B-AS1 in GCA tissues 
with hypermethylation of region 1 was significantly lower 
than that with unmethylation of the region; however, it was 
not associated with region 2 methylation status (P < 0.05) 
(Fig. 3g).

Proximal promoter methylation of SEMA3B 
and SEMA3B‑AS1 leads to a significant decrease 
in luciferase activity

To test the influence of promoter methylation on gene 
expression, different reporter constructs containing unmeth-
ylated promoter sequences of SEMA3B (pGL3-B1 to B3) 
and SEMA3B-AS1 (pGL3-S1 to S3) were made (Fig. 3h). 
As shown in Fig. 3i, j, pGL3-B3 and pGL3-S2 (spanning 
the same CpG sites of region 1) demonstrated the highest 
relative luciferase activity detected by the luciferase assay 
in BGC-823 cells, and further analysis showed significant 
decrease in luciferase activity of in vitro methylated pGL3-
B3 and pGL3-S2 (Fig. 3K).

Sp1 activates SEMA3B or SEMA3B‑AS1 transcription, 
and hypermethylation of the CpG sites within Sp1 
binding sites eliminates Sp1 binding ability

We further scanned the potential transcription factor bind-
ing sites in the promoter region and found four Sp1 binding 
sites spanning − 12 bp to 59 bp of SEMA3B or − 245 bp to 

Fig. 1  The expression status of SEMA3B in GCA tissues and human 
gastric cancer cell lines. a Schematic representation of the genomic 
organization of SEMA3B, SEMA3B-AS1, and miR6872. b Rela-
tive expression of SEMA3B in different normal tissues detected by 
HPA RNA-seq in GENEBANK. c Relative expression of SEMA3B 
in various tumor types in GEPIA dataset. ACC  adrenocortical car-
cinoma, BLCA bladder urothelial carcinoma, BRCA  breast invasive 
carcinoma, CESC cervical squamous cell carcinoma and endocer-
vical adenocarcinoma, CHOL cholangiocarcinoma, COAD colon 
adenocarcinoma, DLBC lymphoid neoplasm diffuse large B-cell 
lymphoma, ESCA esophageal carcinoma, GBM glioblastoma multi-
forme, HNSC head and neck squamous cell carcinoma, KICH kidney 
chromophobe, KIRC kidney renal clear cell carcinoma, KIRP kidney 
renal papillary cell carcinoma, LAML acute myeloid leukemia, LGG 
brain lower-grade glioma, LIHC liver hepatocellular carcinoma, 
LUAD lung adenocarcinoma, LUSC lung squamous cell carcinoma, 
OV ovarian serous cystadenocarcinoma, PAAD pancreatic adeno-
carcinoma, PCPG pheochromocytoma and paraganglioma, PRAD 
prostate adenocarcinoma, READ rectum adenocarcinoma, SARC  sar-
coma, SKCM skin cutaneous melanoma, STAD stomach adenocarci-
noma, TGCT  testicular germ cell tumors, THCA thyroid carcinoma, 
THYM thymoma, UCEC uterine corpus endometrial carcinoma, UCS 
uterine carcinosarcoma. d Expression levels of seven transcripts of 
SEMA3B in normal tissues. The results are shown as ΔCt values 
normalized to GAPDH. e Relative expression of SEMA3B in five 
human gastric cancer cell lines detected by qRT-PCR. Pools: average 
expression in 10 normal tissues was used as normal control. Asterisk, 
compared with pools, P < 0.05. f Relative expression of SEMA3B in 
GCA tissues and corresponding normal tissues detected by qRT-PCR. 
*P < 0.05. g Relative expression of SEMA3B in different subgroups. 
*P < 0.05. h immunohistochemical staining of SEMA3B in GCA 
tumor tissues and normal tissues (SP × 400). a positive staining of 
SEMA3B in normal tissue; b negative staining of SEMA3B in nor-
mal tissue; c positive staining of SEMA3B in GCA tissue; d nega-
tive staining of SEMA3B in GCA tissue. i The correlation between 
mRNA and protein expression of SEMA3B. *P < 0.05. j Showing a 
direct correlation between low SEMA3B mRNA expression and poor 
patient survival. k Showing a direct correlation between negative 
SEMA3B protein expression and poor patient survival
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− 175 bp of SEMA3B-AS1 (Fig. 3l). ChIP assay confirmed 
the binding of Sp1 to the four sites (Fig. 3m). The cotrans-
fection of pGL3-B3 or pGL3-S2 and pcDNA3.1-Sp1 dem-
onstrated the highest relative luciferase activity, indicating 
that Sp1 may upregulate SEMA3B or SEMA3B-AS1 tran-
scription through directly binding to the Sp1 binding sites 
(Fig. 3n). The distribution of CG dinucleotide was found 
within the four Sp1 binding sites, and the influence of hyper-
methylation of these CG sites on Sp1 binding ability was 
further detected. As shown in Fig. 3o, Sp1 stimulation of 
the methylated pGL3-B3 and pGL3-S2 was much lower than 
that of the unmethylated constructs, suggesting that hyper-
methylation of the CG sites within the Sp1 binding sites 
which located around the transcription start site of SEMA3B 
or proximal promoter of SEMA3B-AS1 might abrogate Sp1 
binding and transcriptional activation.

Histone modification regulates the expression 
of SEMA3B

We further detected the influence of histone modification 
on gene expression by real-time ChIP assay. As shown 

in Fig. 3p–r, the active mark H3K4me3 and H3K9ac was 
much less than repressive mark H3K9me2 in the promoter 
region of SEMA3B. Increased degree of H3K4me3 and 
decreased degree of H3K9me2 were detected after the cells 
were treated with 5-Aza-dC. A significant enrichment of 
H3K9ac following the TSA treatment was observed in BGC-
823 cells.

SEMA3B and SEMA3B‑AS1 inhibit gastric cancer cell 
proliferation, migration, and invasion in vitro

The plasmid containing SEMA3B transcript (pcDNA3.1-
SEMA3B) was then constructed and transfected into BGC-
823 and MGC-803 cells. As shown in Fig. 4a, the expression 
level of SEMA3B was significantly upregulated in trans-
fected BGC-823 and MGC-803 cells. The cell proliferation 
was significantly inhibited after BGC-823 and MGC-803 
cells were transfected with pcDNA3.1-SEMA3B (Fig. 4b). 
Furthermore, overexpression of SEMA3B inhibited the 
migration and invasion of BGC-823 and MGC-803 cells 
in vitro (Fig. 4c, d). We further knocked down SEMA3B 
using short hairpin RNAs (shRNAs) in HGC-27 cells, and 

Table 1  Protein expression and 
methylation status of SEMA3B 
in GCA tissues

Group N Protein expression Methylation frequency

Region 1 Region 2

n (%) P n (%) P n (%) P

Age
 < 50 24 10(41.7) 13(54.2) 8(33.3)
 ≥ 50 98 37(37.8) 0.724 56(57.1) 0.792 41(41.8) 0.446

Gender
 Male 99 39(39.4) 55(55.6) 39(39.4)
 Female 23 8(34.8) 0.682 14(60.9) 0.643 10(43.5) 0.719

TNM stage
 I + II 53 27(50.9) 22(41.5) 18(33.9)
 III + IV 69 20(29.0) 0.013 47(68.1) 0.003 31(44.9) 0.221

Pathological differentiation
 Well/moderate 78 36 (46.2) 38 (48.7) 30 (38.5)
 Poor 44 11 (25.0) 0.021 31 (70.5) 0.020 19 (43.2) 0.610

Depth of invasion
 T1/2 36 16 (44.4) 18 (50.0) 14 (38.9)
 T3/4 86 31 (36.0) 0.385 51 (59.3) 0.344 35 (40.7) 0.853

LN metastasis
 Negative (N0) 17 12 (70.6) 5 (29.4) 4 (23.5)
 Positive (N1/2/3) 105 35 (33.3) 0.003 64 (60.9) 0.015 45 (42.9) 0.132

Distant metastasis or recurrence
 Negative 53 23 (43.4) 27 (50.9) 19 (35.8)
 Positive 69 24 (34.8) 0.333 42 (60.9) 0.273 30 (43.5) 0.394

Family history of UGIC
 Negative 71 29 (40.8) 38 (53.5) 27 (38.0)
 Positive 51 18 (35.3) 0.534 31 (60.8) 0.425 22 (43.1) 0.570
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transfection of shRNA-SEMA3B-1 showed the strongest 
knock-down efficiency (Supplementary Fig. 1A). Transfec-
tion of shRNA-SEMA3B-1 in HGC-27 cells led to increased 
proliferation, migration, and invasion of the cells (Supple-
mentary Fig. 1B, 1C, 1D).

We also constructed the plasmid containing the 
SEMA3B-AS1 transcript (pcDNA3.1-SEMA3B-AS1) and 
transfected into BGC-823 and MGC-803 cells. The expres-
sion level of SEMA3B-AS1 was significantly increased 
in the transfected cells (Fig. 4e) and overexpression of 

SEMA3B-AS1 inhibited the proliferation, migration, 
and invasion of BGC-823 and MGC-803 cells in vitro 
(Fig. 4f–h). The expression level of SEMA3B-AS1 was 
also knocked down using shRNAs in HGC-27 cells, and 
transfection of shRNA-SEMA3B-AS1-2 demonstrated the 
strongest knock-down efficiency (Supplementary Fig. 2A). 
Transfection of shRNA-SEMA3B-AS1-2 in HGC-27 cells 
led to increased proliferation, migration, and invasion of 
the cells (Supplementary Fig. 2B–D).

Fig. 2  The expression status of SEMA3B-AS1 in GCA tissues and 
human gastric cancer cell lines. a Relative expression of SEMA3B-
AS1 in different normal tissues detected by HPA RNA-seq in GEN-
EBANK. b Relative expression of SEMA3B-AS1 in various tumor 
types in the GEPIA dataset. c Relative expression of SEMA3B-
AS1 in five human gastric cancer cell lines detected by qRT-PCR. 
Asterisk, compared with pools, P < 0.05. d Relative expression of 
SEMA3B-AS1 in GCA tissues and corresponding normal tissues 

detected by qRT-PCR. *P < 0.05. e Relative expression of SEMA3B-
AS1 in different subgroups. *P < 0.05. f Showing a direct correlation 
between low SEMA3B-AS1 expression and poor patient survival. g 
Relative expression comparison of SEMA3B mRNA and SEMA3B-
AS1 in GCA tissues and corresponding normal tissues. *P < 0.05. h 
The mRNA expression of SEMA3B in GCA tissues was positively 
correlated with the expression of SEMA3B-AS1
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SEMA3B‑AS1 upregulates SEMA3B expression 
by interacting with MLL4

As shown in lncATLAS (http://lncat las.crg.eu), SEMA3B-
AS1 was mainly located in the nucleus of Hela.S3 cells and 
cytoplasm of MCF.7 cells (Fig. 5a), and SEMA3B-AS1 
was both located in cytoplasm and nucleus as predicted by 

lncLocator (Supplementary table 6). In the present study, 
SEMA3B-AS1 was detected both in the cytoplasm and 
nucleus, mainly in the nucleus (Fig. 5b). Overexpression 
of SEMA3B-AS1 increased the mRNA expression level of 
SEMA3B in BGC-823 and MGC-803 cells (Fig. 5c); how-
ever, overexpression of SEMA3B had no influence on the 
expression level of SEMA3B-AS1 (Fig. 5d). Knock-down 

http://lncatlas.crg.eu
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of SEMA3B-AS1 led to decreased expression level of 
SEMA3B in HGC-27 cells (Fig. 5e); however, knock-down 
of SEMA3B had no influence on SEMA3B-AS1 expres-
sion level in HGC-27 cells (Fig. 5f). Overexpression of 
SEMA3B-AS1 also increased the protein expression level 
of SEMA3B in BGC-823 and MGC-803 cells, and knock-
down of SEMA3B-AS1 decreased the protein expression 
level of SEMA3B in HGC-27 cells (Fig. 5g). Co-overex-
pression of SEMA3B and SEMA3B-AS1 significantly inhib-
ited the proliferation and invasion of BGC-823 and MGC-
803 cells than the effect of individual overexpression of 
SEMA3B or SEMA3B-AS1, and knock-down of SEMA3B 
in the BGC-823 and MGC-803 cells with overexpression of 
SEMA3B-AS1 attenuated the inhibitory effect (Fig. 5h, i). 

SEMA3B-AS1 was mainly located in the nucleus of cells, 
so we considered if SEMA3B-AS1 regulated the expres-
sion of SEMA3B in nucleus by binding some proteins, such 
as transcription factors, or epigenetic regulation enzymes. 
Abundant H3K4me3 signals are clustered in the promoter 
region of SEMA3B (Fig. 1a), indicating that SEMA3B may 
be regulated by histone methylation. Myeloid/lymphoid or 
mixed-lineage leukemia (MLL) family genes are the mostly 
important enzymes that modify H3K4 methylation [32, 33]. 
We predicted the binding ability of MLL1 to MLL5 with 
SEMA3B-AS1 by RPISeq and found the greatest interaction 
probability between MLL4 protein and SEMA3B-AS1 (RF: 
0.7 and SVM: 0.93). RNA immunoprecipitation assay dem-
onstrated the binding of SEMA3B-AS1 with MLL4 protein 
in SEMA3B-AS1-transfected BGC-823 cells (Fig. 5j). RNA 
pull-down assay also showed the binding of SEMA3B-AS1 
with MLL4 (Fig. 5k). Co-expression of SEMA3B-AS1 and 
MLL4 had a synergistic promoting effect on the mRNA and 
protein overexpression of SEMA3B (Fig. 5l, m). Further-
more, real-time ChIP assay revealed that overexpression 
of SEMA3B-AS1 increased the enrichment of MLL4 and 
the level of H3K4me3 at the promoter region of SEMA3B 
(Fig. 5n).

Downregulation of miR‑6872 in GCA 

We further investigated whether SEMA3B and miR-6872 
are transcribed together in GCA. We scanned the expres-
sion status of miR-6872-5p in YM500v2 miR-Seq database 
and found lower expression level of miR-6872-5p in most 
of the tumor types, including stomach cancer (Fig. 6a), and 
the general expression level of miR-6872-5p in tumors was 
lower (Fig. 6b). Downregulation of miR-6872-5p was also 
detected in gastric cancer cells and tumor tissues (Fig. 6c, 
d). Sixty-six patients (54.1%) demonstrated less than 50% 
expression level of miR-6872-5p in tumor tissues compared 
with the corresponding normal tissues. The expression level 
of miR-6872-5p in GCA tumor tissues was associated with 
TNM stage, pathological differentiation, and lymph node 
metastasis (P < 0.05) (Fig. 6e). Moreover, GCA patients with 
low miR-6872-5p expression level (the expression level of 
miR-6872-5p in the tumor tissues was less than 50% of that 
in corresponding normal tissues) demonstrated poorer sur-
vival rate (log-rank test, P < 0.05) (Fig. 6f). Furthermore, 
the expression level of miR-6872-5p was positively corre-
lated with the expression level of SEMA3B in GCA tissues 
(Fig. 6g).

The transcription of miR‑6872‑5p is regulated 
by DNA methylation and histone modification

As shown in Fig.  6h, significant upregulation of miR-
6872-5p was detected after the cells were treated with 

Fig. 3  The epigenetic regulation of SEMA3B and SEMA3B-AS1 
transcription. a Schematic structure of SEMA3B CpG islands pre-
dicted by MethPrimer. a One CpG island is located in the regions 
spanning the proximal promoter to exon 1 of SEMA3B. b No appar-
ent CpG islands are predicted in the regions spanning intron 1 to 
exon 2 of SEMA3B. MSP regions analyzed are indicated in the dif-
ferent regions. b Relative expression of SEMA3B in gastric cancer 
cells treated or not treated with 5-Aza-dC, TSA, and 5-Aza-dC + TSA 
detected by qRT-PCR. Asterisk, compared with untreated cells, 
P < 0.05. c Relative expression of SEMA3B-AS1 in gastric cancer 
cells treated or not treated with 5-Aza-dC, TSA, and 5-Aza-dC + TSA 
detected by qRT-PCR. * Compared with untreated cells, P < 0.05. 
d High-resolution mapping of the methylation status of every CpG 
site in the two regions by BGS assay in the five gastric cancer cell 
lines. Each CpG site is shown at the top row as an individual number. 
Percentage methylation was determined as percentage of methylated 
cytosines from 8 to 10 sequenced colonies. The color of circles for 
each CpG site represents the percentage of methylation. e The meth-
ylation status of the two regions in gastric cancer cell lines treated 
or not treated with 5-Aza-dC by BS-MSP analysis. f Relative expres-
sion of SEMA3B in the tumor tissues with and without methylation 
of the two regions. *P < 0.05. g Relative expression of SEMA3B-AS1 
in the tumor tissues with and without methylation of the two regions. 
*P < 0.05. h The relative position and construction of reporter vec-
tors of SEMA3B and SEMA3B-AS1. i Luciferase activity of reporter 
constructs of SEMA3B in BGC-823 cells. The pGL3-control vector 
was used as a positive (P), and empty pGL3-basic vector as a nega-
tive control (N). pGL3-B3 showed the highest relative luciferase 
activity. Astersik compared with N, P < 0.05. j Luciferase activity 
of reporter constructs of SEMA3B-AS1 in BGC-823 cells. Aster-
sik compared with N, P < 0.05. k The pGL3-B3 and pGL3-S2 were 
in  vitro methylated, cloned into pGL3 vector and luciferase activity 
was determined and compared with that of unmethylated pGL3-B3 
and pGL3-S2. *P < 0.05. l The relative location of Sp1 binding sites 
in the promoter region of SEMA3B and SEMA3B-AS1 predicted 
by PROMO. m ChIP assay in 5-Aza-dC-treated HGC-27 cells using 
anti-Sp1, or nonspecific IgG. Enrichment was determined relative to 
input controls. Site N was used as negative control with no binding 
sites for Sp1. Data are mean ± SD of n = 3 independent experiments. 
*P < 0.05. n Dual luciferase reporter assays were used to determine 
the Sp1 binding on the SEMA3B and SEMA3B-AS1 promoter region 
in BGC-823 cells. *P < 0.05. o Sp1 and methylation status affected 
the promoter activity. *P < 0.05. p–r. A real-time ChIP assay was 
used to determine the enrichment of H3K4me3 (p), H3K9ac (q), 
and H3K9me2 (r) within the SEMA3B promoter in BGC-823 cells. 
Asterisk, compared with untreated cells, P < 0.05
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5-Aza-dC or TSA, and the effect was more obvious after the 
cells were treated with 5-Aza-dC + TSA. Furthermore, the 
relative expression level of miR-6872-5p in GCA tissues 
with hypermethylation of region 1 was significantly lower 
than that with unmethylation of the region; however, it was 
not associated with region 2 methylation status (P < 0.05) 
(Fig. 6i).

miR‑6872‑5p functions synergistically with its 
host gene SEMA3B to suppress cell migration 
and invasion

The BGC-823 and MGC-803 cells were transfected with 
miR-6872-5p mimics and HGC-27 cells were transfected 
with miR-6872-5p inhibitor, and the transfection efficiency 
was verified by the qRT-PCR method (Fig. 6j and Supple-
mentary Fig. 3A). As shown in Fig. 6j, enhanced expression 
level of SEMA3B did not appreciably affect the level of 
miR-6872-5p; similarly, the expression level of SEMA3B 
was not influenced by miR-6872-5p overexpression in BGC-
823 and MGC-803 cells. Overexpression or knock-down of 
miR-6872-5p significantly suppressed or increased the cell 
invasion (Fig. 6k and Supplementary Fig. 3B); furthermore, 
the co-elevated expression level of SEMA3B and miR-
6872-5p resulted in a further decrease in the cell invasion 
of BGC-823 and MGC-803 cells (Fig. 6k).

ZNF143 is the target gene of miR‑6872‑5p in GCA 

After prediction by TargetScan and miRDB, ZNF143 may 
be the candidate target gene and the binding sites are shown 
in Fig. 6l. The mRNA expression of ZNF143 in GCA tissues 

was significantly higher than that in corresponding normal 
tissues (Fig. 6m). Overexpression or knock-down of miR-
6872-5p suppressed or increased the mRNA and protein 
expression level of ZNF143 (Fig. 6n, o, Supplementary 
Fig. 3C, D), and overexpression of miR-6872-5p suppressed 
the luciferase activity after BGC-823 cells were transfected 
with luciferase reporters containing ZNF143 3′-UTR 
(Fig. 6p). Overexpression of SEMA3B or SEMA3B-AS1 did 
not influence the mRNA expression of ZNF143 (Fig. 6q, r).

Discussion

Several class 3 semaphorins such as semaphorin 3B and 
semaphorin 3F have been characterized as tumor suppres-
sors [34]. The tumor suppressor role of SEMA3B has been 
confirmed both in vitro and in vivo in some tumor types 
[11–13, 35]. Approximately, 37% of mammalian miRNA 
genes appeared to be intronic miRNA genes [36], and about 
94.2% of predicted promoter regions of intronic miRNA 
genes overlapped with promoters of their host genes [37]. 
Moreover, the majority of mammalian intronic miRNA 
genes are found to be frequently co-expressed with their 
protein-coding host genes under the promoter-driven regu-
lation of the host gene [38]. As a kind of lncRNAs, antisense 
lncRNAs are transcribed from the opposite position of their 
sense protein coding genes, and many antisense lncRNAs 
may regulate the expression and function of the sense genes 
in cis [39]. In the present study, a similar expression trend of 
SEMA3B, SEMA3B-AS1, and miR-6872-5p was detected in 
GCA tissues and they might have a suppressor role through 
suppressing gastric cancer cell proliferation, migration, and 
invasion. Furthermore, the association of their expression 
with GCA patients’ prognosis suggested their vital roles as 
prognostic biomarkers in GCA.

SEMA3B methylation has been observed in vari-
ous types of cancers, including gallbladder carcinoma, 
lung cancer, and glioma [12, 15, 18–20]. These studies 
only focused on the methylation status of the CpG sites 
within the first intron of SEMA3B. However, there is a 
true promoter region, which includes CpG-dinucleotides 
with higher density and is capable of binding transcrip-
tion factors, such as Sp1. Loginov et  al. subsequently 
studied the promoter methylation status of SEMA3B in 
lung and renal cancers and found frequent methylation of 
intronic and promoter CpG islands in both lung and renal 
primary tumors, and the methylation frequency detected 
in the promoter CpG island was higher than that in the 
intronic island. In addition, an association was observed 
between the decrease of the SEMA3B mRNA level and 
the methylation of the promoter CpG island [11, 31]. In 
the present study, frequent methylation of the promoter 
and intronic CpG islands in GCA tissues was detected, 

Fig. 4  The functional analysis of SEMA3B and SEMA3B-AS1 in 
human gastric cancer cell lines. a Upregulation of SEMA3B was 
detected by qRT-PCR in SEMA3B-transfected BGC-823 and MGC-
803 cells compared with empty vector-transfected cells. *P < 0.05. 
b Overexpression of SEMA3B inhibited BGC-823 and MGC-803 
cell proliferation. Asterisk, compared with empty vector, P < 0.05. c 
Overexpression of SEMA3B inhibited the migration of BGC-823 and 
MGC-803 cells detected by wound healing assay. Asterisk, compared 
with empty vector, P < 0.05. d Overexpression of SEMA3B inhibited 
the invasiveness of BGC-823 and MGC-803 cells detected by tran-
swell invasion assay. Asterisk, compared with empty vector, P < 0.05. 
e Upregulation of SEMA3B-AS1 was detected by qRT-PCR in 
SEMA3B-AS1-transfected BGC-823 and MGC-803 cells. Asterisk, 
compared with empty vector-transfected cells, P < 0.05. f Overexpres-
sion of SEMA3B-AS1 inhibited BGC-823 and MGC-803 cell prolif-
eration. Asterisk, compared with empty vector, P < 0.05. g Overex-
pression of SEMA3B-AS1 inhibited the migration of BGC-823 and 
MGC-803 cells detected by wound healing assay. Asterisk, compared 
with empty vector, P < 0.05. h Overexpression of SEMA3B-AS1 
inhibited the invasiveness of BGC-823 and MGC-803 cells detected 
by transwell invasion assay. Asterisk, compared with empty vector, 
P < 0.05. For all quantitative results, the data are presented as the 
mean ± SD. The experiments are representative of three independent 
experiments with similar results
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and the methylation frequency of promoter region was 
found to be significantly higher in GCA tissues than that 
in corresponding normal tissues and the promoter region 
methylation was observed to be associated with the expres-
sion level of SEMA3B, SEMA3B-AS1 and miR-6872-5p. 
Combined with further luciferase activity analysis, implied 
the important role of promoter methylation on SEMA3B, 
SEMA3B-AS1, and miR-6872-5p inactivation.

Aberrant CpG island hypermethylation may directly or 
indirectly affect the binding of specific transcription factors 
and subsequently influence gene transcription. Four tran-
scription factor Sp1 binding sites, including CG dinucleo-
tides, are predicted within the CpG island of the promoter 
region. Our further analyses verified that the hypermethyla-
tion of these CG dinucleotides affected the binding ability 

of Sp1 to the binding sites and led to the transcriptional 
repression of SEMA3B.

A large amount of antisense lncRNAs can regulate the 
expression of sense protein coding genes in cis, and in 
the present study SEMA3B-AS1 was detected to induce 
the expression of SEMA3B by interacting with MLL4 to 
increase the enrichment of MLL4 and H3K4me3 at the pro-
moter region of SEMA3B. MLL4 is necessary to maintain 
broad H3K4me3 and super-enhancers at tumor suppressor 
genes [32]. In the current study, SEMA3B-AS1 was detected 
to combine directly with MLL4 by RIP and RNA pull-down 
assay, and further increased the accumulation of MLL4 and 
H3K4me3 at the promoter region of SEMA3B, suggesting 
that SEMA3B-AS1 plays an important role in maintaining 
the activation status of SEMA3B.

As an intronic miRNA, the role of miR-6872-5p in 
tumorigenesis has not been fully clarified. Downregulation 
of miR-6872-5p was detected in GCA tissues and gastric 
cancer cells and miR-6872-5p might act as tumor-suppres-
sive miRNA to function synergistically with its host gene 
SEMA3B. Furthermore, ZNF143 might be the target gene of 
miR-6872-5p. ZNF143 regulates many cell cycle-associated 
genes. ZNF143 is expressed strongly in gastric cancer tissues 
and enhanced gastric cancer cell migration by promoting the 
process of EMT through PI3K/AKT signaling pathway [40]. 
Although miR-6872-5p cannot regulate the expression of its 
host gene, miR-6872-5p may function synergistically with 
SEMA3B by targeting ZNF143 to suppress migration and 
invasion of GCA.

In summary, SEMA3B, SEMA3B-AS1, and miR-6872-5p 
play tumor-suppressive roles in GCA tumorigenesis, and 
their expression levels are coregulated by promoter aber-
rant hypermethylation and histone modification. SEMA3B-
AS1 induces the expression of SEMA3B by interacting with 
MLL4. ZNF143 is the target gene of miR-6872-5p, and miR-
6872-5p functions synergistically with SEMA3B to suppress 
cancer cell invasion. Moreover, SEMA3B, SEMA3B-AS1, 
and miR-6872-5p may serve as potential prognostic markers 
in predicting GCA patients’ survival.

Fig. 5  SEMA3B-AS1 upregulates SEMA3B expression through 
interacting with MLL4. a Subcellular localization of SEMA3B-AS1 
in various cells predicted by lncATLAS. b The levels of SEMA3B-
AS1 in nuclear and cytoplasmic fractions of HGC-27 and NCI-N87 
cells detected by qRT-PCR. GAPDH cytoplasmic control; U6 nuclear 
control. c Overexpression of SEMA3B-AS1 increased the expression 
of SEMA3B in SEMA3B-AS1-transfected BGC-823 and MGC-803 
cells. Asterisk, compared with empty vector, P < 0.05. d Overexpres-
sion of SEMA3B has no influence on SEMA3B-AS1 expression. e 
Knock-down of SEMA3B-AS1 decreased the expression of SEMA3B 
in shRNA-SEMA3B-AS1-2-transfected HGC-27 cells. Asterisk, 
compared with shRNA control, P < 0.05. f Knock-down of SEMA3B 
has no influence on SEMA3B-AS1 expression in shRNA-SEMA3B-
1-transfected HGC-27 cells. g Protein expression of SEMA3B was 
detected by Western blot assay in pcDNA3.1-SEMA3B-AS1-trans-
fected BGC-823 and MGC-803 cells or in shRNA-SEMA3B-AS1-2-
transfected HGC-27 cells. h The BGC-823 and MGC-803 cell prolif-
eration in different transfected groups. i The BGC-823 and MGC-803 
cell invasive ability in different transfected groups. Asterisk, com-
pared with empty vector, P < 0.05. j RIP assay showed the binding of 
SEMA3B-AS1 with MLL4 in SEMA3B-AS1-transfected BGC-823 
cells. k RNA pull-down assay showed the binding of SEMA3B-AS1 
with MLL4. l Co-expression of SEMA3B-AS1 and MLL4 had a syn-
ergistic promoting effect on the mRNA upregulation of SEMA3B. m 
Co-expression of SEMA3B-AS1 and MLL4 had a synergistic pro-
moting effect on the protein overexpression of SEMA3B. n Real-time 
ChIP assay revealed that overexpression of SEMA3B-AS1 increased 
the enrichment of MLL4 and the level of H3K4me3 at the promoter 
region of SEMA3B. Asterisk, compared with empty vector, P < 0.05
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