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ABSTRACT
Background and aims Aberrant upregulation of
POU2F2 expression has been discovered in metastatic
gastric cancer (GC). However, the mechanisms
underlying the aberrant upregulation and the potential
functions of POU2F2 remain uncertain.
Design The role and mechanism of POU2F2 in GC
metastasis were investigated in gastric epithelial cells,
GC cell lines and an experimental metastasis animal
model by gain of function and loss of function.
Upstream and downstream targets of POU2F2 were
selected by bioinformatics and identified by luciferase
reporter assay, electrophoretic mobility shift assay and
chromatin immunoprecipitation PCR. The influence of
miR-218 on its putative target genes (POU2F2, ROBO1
and IKK-β) and GC metastasis was further explored via
in vitro and in vivo approaches.
Results Increased POU2F2 expression was detected in
metastatic GC cell lines and patient samples. POU2F2
was induced by the activation of nuclear factor (NF)-κB
and, in turn, regulated ROBO1 transcription, thus
functionally contributing to GC metastasis. Finally,
miR-218 was found to suppress GC metastasis by
simultaneously mediating multiple molecules in the
POU2F2-oriented network.
Conclusions This study demonstrated that NF-κB and
the SLIT2/ROBO1 interaction network with POU2F2 as
the central part may exert critical effects on tumour
metastasis. Blocking the activation of the POU2F2-
oriented metastasis network using miR-218 precursors
exemplified a promising approach that sheds light on
new strategies for GC treatment.

INTRODUCTION
POU2F2, a member of the POU transcription
factor family, is a B-cell-specific octamer transcrip-
tion factor.1 Previous studies have indicated that
POU2F2 is normally expressed in B cells and B cell
lineage tumour cells2–4 to regulate Ig, B cell prolif-
eration and B cell differentiation genes.5 Recent
studies have identified POU2F2 expression in pan-
creatic cancer,6 gastric cancer (GC)7 and other epi-
thelial tumours. However, the potential functions
of POU2F2 and the exact mechanisms governing
POU2F2 expression in GC are poorly understood.
In this study, POU2F2 expression was detected in

both GC cells with high metastatic potential and
GC tissues with lymph node or distant metastasis.
GC patients with positive POU2F2 expression had

a shorter survival compared with patients with
negative POU2F2 expression. Moreover, POU2F2
downregulation significantly hampered the meta-
static ability of GC cells. In contrast, POU2F2 upre-
gulation in low metastatic potential cells advocated
their invasion and metastasis. Further studies indi-
cated that POU2F2 directly triggered ROBO1
transcription. ROBO1, a single-channel transmem-
brane receptor, can promote cancer metastasis and

Significance of this study

What is already known on this subject?
▸ Upregulation of POU2F2 has been shown to be

associated with gastric cancer (GC) metastasis.
▸ Overexpression of nuclear factor (NF)-κB and

POU2F2 is found in cultured Hodgkin/Reed–
Sternberg cells.

▸ miR-218 expression is decreased in GC, and the
restoration of miR-218 suppresses tumour cell
invasion and metastasis.

What are the new findings?
▸ POU2F2 promoted GC metastasis by a positive

regulation of ROBO1. The overall survival in GC
patients with positive POU2F2 was remarkably
reduced.

▸ Upregulation of POU2F2 in metastatic GC was
achieved not only through the transcriptional
activation by NF-κB but also by eliminating the
repression of miR-218 at the post-transcriptional
level.

▸ The interaction between NF-κB and the SLIT2/
ROBO1 pathway linked by POU2F2 contributed
to gastric cancer metastasis.

▸ miR-218 impeded metastasis by orchestrating
multiple targets of the POU2F2-oriented
network.

How might it impact on clinical practice in
the foreseeable future?
▸ The discovery of this miR-218-NF-κB/POU2F2/

SLIT2/ROBO1 axis of a signal transduction
pathway will aid in a better understanding of
the pathogenic mechanisms of GC metastasis.
Inhibiting NF-κB/POU2F2/SLIT2/ROBO1 signal
transduction with miR-218 indicates a feasible
and promising approach that may be applicable
to the treatment of GC.
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endothelial cell migration through interacting with ligands of
the SLIT family.8–10 In mammals, three SLIT proteins (SLIT1-3)
have been discovered.11 However, SLIT1 expression is specific
to the brain,12 and SLIT3 expression is significantly reduced in
GC tissue compared with normal gastric tissue.8 Thus, we
deduced and confirmed that POU2F2 induces metastatic poten-
tial through the SLIT2/ROBO1 pathway.

Previous studies have found that POU2F2 expression closely
correlates with nuclear factor (NF)-κB status in Hodgkin/Reed–
Sternberg cells13 and precursor B lymphocytes,14 thereby sug-
gesting that NF-κB may regulate POU2F2 expression. However,
no evidence has directly supported specific regulation of
POU2F2 by NF-κB. In the present study, the relationship
between NF-κB activity and POU2F2 expression was thoroughly
investigated for the first time. The bioinformatic results, pro-
moter reporter gene assay, chromatin immunoprecipitation
(ChIP) assay and electrophoretic mobility shift assay (EMSA)
demonstrated that NF-κB positively regulated POU2F2 expres-
sion by directly binding to the POU2F2 promoter region (−531
to −522; TGATCTTCCC). These results illustrated the possible
causes and regulatory machinery of ectopic POU2F2 expression
in GC.

microRNAs (miRNAs) play a critical role in tumour occur-
rence and development through negatively regulating target
gene expression.15 16 Although POU2F2 is regulated at the tran-
scriptional level by NF-κB, it is unknown whether POU2F2 is
also governed by miRNAs at the post-transcriptional level.
Bioinformatics analysis indicated that miR-218 might regulate
POU2F2 expression by binding its 30-untranslated region
(UTR). In recent years, a number of studies have determined
that miR-218 functions as a tumour-suppressive miRNA.17–22 In
particular, our previous results demonstrated that miR-218 inhi-
bits invasion and metastasis of GC by targeting the ROBO1
receptor,8 which was further validated in various cell
models.21 23–26 miR-218 may also suppress the activity of the
NF-κB signalling pathway by directly inhibiting the expression
of IKK-β27 and ECOP28 in GC cells, thus suggesting that
miR-218 may simultaneously repress the NF-κB and SLIT2/
ROBO1 signalling pathways. This study further demonstrated
that miR-218 directly and negatively regulates POU2F2 together
with IKK-β and ROBO1. miR-218 overexpression simultan-
eously inhibited the expression of IKK-β, POU2F2 and ROBO1,
and suppressed the NF-κB and SLIT2/ROBO1 signalling path-
ways, thereby preventing GC cell metastasis.

This study showed, for the first time, the effects and mechan-
isms of POU2F2 in promoting GC cell metastasis, and it also
revealed that the POU2F2-centric interaction networks (the
NF-κB/POU2F2/SLIT2/ROBO1 network) might play an essen-
tial role in GC metastasis. The tumour suppressor miR-218 may
act simultaneously on POU2F2 and the NF-κB activation factor,
IKK-β kinase, in its upstream signalling pathway as well as its
downstream target gene, ROBO1, to impede GC metastasis.

MATERIALS AND METHODS
Clinical samples
The following two types of GC tissue microarrays were pur-
chased from Shanghai Outdo Biotech: HStm-Ade180Sur-02,
which contains 90 cases of gastric adenocarcinoma and paired
paraneoplastic tissues with one point for each tissue; and
HStm-Ade178Sur-01, which contains 67 cases of matched
cancer/para-cancer samples, 39 cases of unpaired cancer tissues
and 5 cases of single para-cancer tissues with one for point each
tissue. The Tissue Microarray XJ-CT-Gas01 was generated with
70 cases of matched cancer and para-cancer tissues legally

collected in our centre with one point for each tissue. All
patients were followed up from 1 to 120 months after the oper-
ation, and all specimens involved were determined by H&E
staining.

Western blot analysis
Western blot analysis was performed using standard procedures.
The antibodies used in the western blot analysis are listed in the
online supplementary experimental procedures.

ChIP-PCR analysis
The ChIP-PCR assay was conducted as previously described29

with minor modifications. The detailed procedures are described
in the online supplementary experimental procedures.

Electrophoretic mobility shift assay
The procedures are detailed in the online supplementary experi-
mental procedures.

Statistical analyses
All statistical analyses were conducted using the SPSS software
statistical package (V.17.0). The differences between the two
groups were assessed using Student’s t test. Overall survival
curves were estimated by the Kaplan–Meier method, and the
difference in survival was evaluated using the log-rank test.
p Values <0.05 were considered statistically significant.

RESULTS
POU2F2 expression is increased in GC cells with high
metastatic potential and metastatic GC tissues
POU2F2 expression was analysed in a variety of cell lines,
which included normal gastric epithelial cells (GES-1), cell sub-
lines with strong (SGC7901-M and MKN28-M) or weak
(MKN28-NM and SGC7901-NM) metastatic ability derived
from GC cell lines (SGC7901-M and MKN28-M). The results
showed that compared with GES-1 cells POU2F2 mRNA
expression increased by 1.4-fold in MKN28-NM and
SGC7901-NM cells. However, in the highly metastatic GC cell
lines SGC7901-M and MKN28-M, the expression was
increased by approximately 12–16 times (see online supplemen-
tary figure S1). High levels of POU2F2 protein were detected in
SGC7901-M and MKN28-M cells, but extremely low levels of
POU2F2 protein were detected in GES-1, MKN28-NM and
SGC7901-NM cells (figure 1A).

Furthermore, POU2F2 expression was examined in 266 cases of
clear metastatic state of GC and 232 cases of cancer adjacent
tissues. Compared with para-cancerous tissues, no POU2F2
expression differences were observed in GC tissues without metas-
tasis, while there was an obvious increase of POU2F2 expression
in metastatic GC tissues (figure 1B). According to the expression
of POU2F2 in GC tissues, 90 cases of GC (HStm-Ade180Sur-02
tissue array) were divided into those with POU2F2-positive
expression (n=65) and those with POU2F2-negative expression
(n=25). The relationship of POU2F2 with overall survival was
analysed, and the overall survival in patients with positive
POU2F2 expression was remarkably reduced (figure 1C). The
multivariate analysis results suggested that the POU2F2 protein
expression status might have a potential to be an independent
prognostic indicator for GC (p=0.0023, HR=167, 95% CI 0.036
to 0.780; see online supplementary tables S1 and S2). The results
implied that POU2F2 upregulation might give rise to GC
metastasis.

2 Wang S-M, et al. Gut 2015;0:1–12. doi:10.1136/gutjnl-2014-308932

Upper GI cancer
 on M

ay 19, 2023 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2014-308932 on 27 M
ay 2015. D

ow
nloaded from

 

http://gut.bmj.com/


POU2F2 positively regulates GC invasion and metastasis in
vitro and in vivo
We adopted loss-of-function and gain-of-function experiments
to study POU2F2 function in GC metastasis. First, four
POU2F2-specific siRNAs were transfected into SGC7901-M
cells. Based on the western blot analysis, the siRNA2 with the
highest inhibition rate was selected to construct the shPOU2F2
lentiviral vector for further functional experiments (see online
supplementary figure S2). The results found that compared
with control cells SGC7901-M and MKN28-M cells transfected
with shPOU2F2 had significantly reduced POU2F2 levels
(figure 2A), and the in vitro invasive ability was correspondingly
decreased by 2–3 times (figure 2B). In nude mice with intraven-
ous injection of visceral metastasis, the lung metastases resulting
from the injection of SGC7901-M cells infected with
shPOU2F2 were significantly reduced compared with controls
(figure 2C). In addition, we used the POU2F2 lentiviral vector
to upregulate POU2F2 expression in the non-metastatic GC
SGC7901-NM cells and in the normal gastric mucosa GES-1
cells (figure 2A), resulting in a robust increase in the invasion
ability of infected cells (figure 2B). Meanwhile, the lung metas-
tases in nude mice injected with SGC7901-NM-POU2F2
cells significantly increased (figure 2C). We constructed a
shRNA-resistant POU2F2 lentiviral vector, POU2F2Δ, via site-
directed mutagenesis. In SGC7901-M-shPOU2F2 cells, the

recovery of POU2F2 expression with this shRNA-resistant
vector restored the high metastatic ability of the cells
(figure 2D). In summary, the above results illustrated that
POU2F2 may be critical for the invasion and metastasis of GC
cells.

POU2F2 may affect GC metastasis by the positive
regulation of ROBO1
To uncover the mechanism of POU2F2 in GC, the target
genes that may be regulated by POU2F2 were analysed
using TRANSFAC (http://www.gene-regulation.com/index2.
html). Bioinformatics analysis revealed that the promoter region
of the ROBO1 gene (−880 to −873) contained a POU2F2-
binding sequence (50-ATTTGCAT-30)30 (figure 3A), thus indicat-
ing that ROBO1 may be a target gene of POU2F2. To confirm
this hypothesis, ChIP-PCR and sequencing results verified that
POU2F2 binds to the ROBO1 promoter (figure 3B, see online
supplementary figure S3). The POU2F2 expression vector was
co-transfected with the ROBO1 full-length promoter reporter
gene or the binding-site mutant reporter gene into
SGC7901-NM, HeLa and 293T cells (three cell lines with low
POU2F2 expression). In the above three cell lines, POU2F2 regu-
lated the transcriptional activity of ROBO1 wild-type promoters.
In the presence of the −880 to −873 binding site mutation, the
regulatory effect disappeared, thereby suggesting that POU2F2

Figure 1 POU2F2 levels correlate positively with metastatic ability of gastric cancer (GC). (A) Western blot for POU2F2 in five human gastric cell
lines. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was a loading control, and H2O is a no protein control (n=3). (B) Left:
immunohistochemical staining for POU2F2 in primary GCs from patients with the indicated status of metastasis and normal tissues. Right: POU2F2
expression levels were scored with semiquantitative immunohistochemical (IHC) analysis. POU2F2 was upregulated in metastatic GC (n=200), while
it was scarcely detected in normal gastric mucosa (n=232) and GC tissues without metastasis (n=66). (C) Kaplan–Meier curves depicting overall
survival for patients with GCs (n=90). The curves were stratified based on POU2F2 expression. Overall survival was defined as the interval between
the date of the surgery and the date of death or last follow-up.
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Figure 2 POU2F2 positively regulates metastasis in gastric cancer (GC). (A) Western blot for POU2F2 in SGC7901-M and MKN28-M cells infected
with shPOU2F2 or control shRNA lentiviral vector as well as in SGC7901-NM and gastric epithelial cells (GES)-1 infected with the POU2F2-expressing
or empty control vector (n=3). (B) Invasion assays after transfection of shPOU2F2 or POU2F2-expressing vectors in the indicated cells (n=3). POU2F2
enhanced GC cell invasion. (C) SGC7901-M and SGC7901-NM cells expressing a luciferase reporter were transfected with the indicated constructs
and were injected into the nude mice via the tail vein. After 6 weeks, bioluminescence imaging (BLI) showed that there were significantly more
metastasis lesions in the lung of SGC7901-M-control and SGC7901-NM-POU2F2 mice than in the corresponding control groups. The results of H&E
staining were the same as those of BLI (n=5). (D) Western blot for POU2F2 in the indicated SGC7901-M cells transfected with shPOU2F2 or the
shRNA-resistant expression construct, POU2F2Δ. POU2F2 expression was recovered in the SGC7901-M-shPOU2F2 cells transfected with POU2F2Δ
(left). POU2F2Δ restored the high metastatic ability of the cells. The representative Transwell images, BLI and H&E-stained sections of the lung
tissues collected from indicated groups 6 weeks after tail vein injection are shown in the middle panel. Quantitative analysis was performed by
counting the number of cells (invasion, n=3) or tumour foci (metastasis, n=5) in five randomly selected high-power fields using the microscope
(right panel). The data are presented as mean±SEM.
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regulated ROBO1 expression via this binding site and that this
was the only binding site (figure 3C). A probe was synthesised
based on this binding site, and EMSA was performed, which
further confirmed that POU2F2 may bind to this site (figure 3D).
The results suggested that POU2F2 positively regulates ROBO1
expression in GC cells.

ROBO1-specific siRNAs were transfected in SGC7901-M
cells. According to the western blot analysis, siRNA4 had the
highest inhibitory rate and was selected to construct the lenti-
viral expression vector, shROBO1 (see online supplementary
figure S4). Downregulating the expression of ROBO1 in
SGC7901-NM-POU2F2 cells obstructed the cell invasion and

Figure 3 POU2F2 positively regulates ROBO1 transcription. (A) Schematic diagram of the ROBO1 promoter. The yellow region is the putative
POU2F2-binding site in the ROBO1 promoter. (B) Amplification of the ROBO1 promoter sequence from chromatin immunoprecipitation (ChIP) DNA
was performed. Input and IgG served as positive and negative controls, respectively. The electrophoresis results of PCR products confirmed that
POU2F2 binds to the ROBO2 promoter. (C) Reporter gene analysis of the transcriptional activation ability of the ROBO1 promoter. The ROBO1
full-length promoter reporter gene was co-transfected with the POU2F2 gene expression vector into SGC7901-NM, HeLa and 293T cells, and the
luciferase activities were measured. Selective mutagenesis at position −880 to −873 bp from the transcription start site lost response to POU2F2,
indicating that this region is a POU2F2-responsive region (n=3). (D) Electrophoretic mobility shift assay (EMSA) identified the POU2F2-binding site in
the ROBO1 promoter. Nuclear protein was extracted from SGC7901-M cells and incubated with a biotin-labelled DNA probe in preparation for
chemiluminescent EMSA. The unlabelled probe and its mutant probe were used as the cold competitor and negative control, respectively. A
POU2F2-specific antibody was used to block the DNA complex shift with the aim of confirming the specificity of the POU2F2 binding motif. The
arrow points to the POU2F2 DNA-binding complex. (E) Downregulated ROBO1 expression in SGC7901-NM-POU2F2 cells inhibited cell invasion and
metastasis induced by POU2F2 overexpression. A shROBO1-resistant reconstitution, ROBO1Δ, was used to restore ROBO1 expression, which
recovered the high metastatic ability of the cells.

Wang S-M, et al. Gut 2015;0:1–12. doi:10.1136/gutjnl-2014-308932 5

Upper GI cancer
 on M

ay 19, 2023 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2014-308932 on 27 M
ay 2015. D

ow
nloaded from

 

http://gut.bmj.com/


metastasis induced by POU2F2 overexpression. A mutant
shROBO1-resistant lentiviral vector was then used to restore
ROBO1 expression, which recovered the invasion and meta-
static ability of the cells (figure 3E). All of the data indicated
that ROBO1 serves as a key target gene in GC metastasis
induced by POU2F2 overexpression.

ROBO1 ligands are comprised of SLIT1, SLIT2 and SLIT3.
SLIT1 expression is confined to the nervous system, and SLIT3
is downregulated in GC.8 Therefore, we hypothesised that the
interaction between SLIT2 and ROBO1 stimulates GC metasta-
sis. In addition, RNAi-mediated silencing of SLIT2 decreased
tumour invasion and metastasis driven by ROBO1 overexpres-
sion (see online supplementary figure S5). These findings sug-
gested that ROBO1-mediated POU2F2 overexpression promotes
GC metastasis in a SLIT2-dependent manner.

Epithelial-mesenchymal transition (EMT) endows epithelial
cells with interstitial features, and it is closely correlates with
tumour cell invasion and metastasis.31 32 Therefore, we investi-
gated whether POU2F2 could link EMTwith tumour metastasis.
We first measured the expression status of several renowned
EMT markers (β-catenin, E-cadherin, vimentin, MMP2 and
MMP9) in the SGC7901-M-siControl, SGC7901-M-siPOU2F2,
SGC7901-NM-Control and SGC7901-NM-POU2F2 cells via
western blot analysis and immunofluorescence staining. The
POU2F2-overexpressing cells exhibited an elevated expression
of Vimentin, MMP2 and MMP9, but these cells had a reduced
level of nuclear β-catenin and E-cadherin. Moreover, we also
observed EMT phenotypes in POU2F2-overexpressing cells (see
online supplementary figure S6). These findings implied a pos-
sible pro-metastatic role of EMT in POU2F2-overexpressing
cells.

POU2F2 is transcriptionally activated by NF-κB in GC cells
Previous studies have found that POU2F2 expression in
Hodgkin/Reed–Sternberg cells,13 precursor B lymphocytes14

and pancreatic cancer cells6 highly correlates with the activity of
NF-κB, suggesting that the POU2F2 gene may be an NF-κB
target gene. Based on these previous findings, we tested whether
NF-κB directly activates POU2F2 transcription in GC, thus
leading to POU2F2 overexpression. To evaluate this hypothesis,
we transfected SGC7901-NM cells with an empty vector or
pBabe-Puro-IKBalpha-mut (super repressor) encoding a mutant
IκBα, which is resistant to stimulus-induced degradation and
NF-κB activation. The SGC7901-NM-vector cells were then
treated with six different concentrations (0–15 μg/mL) of lipo-
polysaccharide (LPS), a NF-κB activator, for 2 h, and NF-κB
activity was detected using a NF-κB activity reporter gene.
Within the LPS concentration range of 0–10 μg/mL, NF-κB
activity was increased in a dose-dependent manner. The cells
were treated with 10 μg/mL LPS, and NF-κB activity was exam-
ined at 0, 1, 2, 4 and 6 h. The results showed that the NF-κB
activity reached a peak at 4 h, and the expression of POU2F2
and its target gene, ROBO1, was upregulated with the enhanced
activity of NF-κB in SGC7901-NM-vector cells. However, the
activity of NF-κB, along with POU2F2 and ROBO1 expressions,
revealed no change in SGC7901-NM-IκBα-mut cells
(figure 4A). NF-κB was predicted to have four potential binding
sites in the POU2F2 promoter region based on the TRANSFAC
data and Promoter 2.0 (http://www.cbs.dtu.dk/services/
Promoter/). Reporter genes for truncated bodies containing dif-
ferent binding sites were constructed with a reduced-order
method, and the data indicated that POU2F2 was transcription-
ally activated by NF-κB and the regulation region of NF-κB was
located in the POU2F2 promoter region at −600 to −300 bp

(figure 4B). The wild-type POU2F2 full-length promoter
reporter gene and the NF-κB binding site mutant promoter
reporter gene were transfected into SGC7901-NM,
MKN28-NM and 293T cells, and the activity of the reporter
genes was monitored after LPS stimulation. The results showed
that the regulation of POU2F2 by NF-κB disappeared with the
locus mutation of 531 to −522 bp (figure 4C). The primers and
probes were designed based on this binding site for ChIP and
EMSA experiments, and we observed that the both subunits of
NF-κB, p65 and p50, directly bound to the site (figure 4D, E,
see online supplementary figure S7). In summary, POU2F2 over-
expression in GC cells may be associated with the activation of
NF-κB signalling pathways.

POU2F2 links NF-κB to the SLIT2/ROBO1 signalling pathway
contributing to GC metastasis
In the present report, we demonstrated that the excessive activa-
tion of NF-κB induced POU2F2 overexpression. Meanwhile,
increased levels of POU2F2 upregulated the expression of
the membrane receptor, ROBO1, and activated the SLIT2/
ROBO1 signalling pathway, thus stimulating GC cell metastasis.
These data suggested that POU2F2 might be the key to connect
NF-κB and the SLIT2/ROBO1 signalling pathways in GC metas-
tasis. To test whether the POU2F2-mediated interaction of the
NF-κB and SLIT2/ROBO1 signalling pathways is the main
mechanism of GC metastasis with POU2F2 high expression,
SGC7901-NM cells were treated with 10 μg/mL LPS for 4 h.
The results showed that NF-κB activity was significantly aug-
mented. The POU2F2 and ROBO1 levels were also robustly
increased. Moreover, the cell invasion and metastasis capacity
was enhanced. All of these effects induced by LPS were blocked
by pBabe-Puro-IKBalpha-mut, thereby indicating that the
LPS-imposed effects on GC cells, including POU2F2 upregula-
tion, ROBO1 upregulation and increased cell metastasis, are
NF-κB-dependent (figure 5A, see online supplementary figure
S8). When POU2F2 expression was downregulated by shRNA,
the elevated expression of ROBO1 and cell metastasis ability
due to the activation of NF-κB was decreased. Exogenous over-
expression of ROBO1 antagonised the effects of shPOU2F2 on
GC cell invasion and metastasis (figure 5B). The results sug-
gested that the interaction of the NF-κB signalling pathway with
SLIT2/ROBO1 signalling may serve as a main mechanism of GC
metastasis and that POU2F2 may be the link between these two
pathways. We assessed the correlation of the expression of P65,
POU2F2 and ROBO1 in 266 cases of GC tissues by immunohis-
tochemistry. As shown in figure 5C, the overlapping expression
of all three molecules was observed in 50.75% (135/266) of GC
tissues and 70.50% (141/200) of GC tissues with lymph node
or distant metastasis, thus suggesting a close association between
their expression changes in GC, especially in metastatic GC.

miR-218 suppresses GC metastasis by inhibiting multiple
genes in the NF-κB/POU2F2/ROBO1 signalling pathway
In addition to the transcriptional regulation by NF-κB, post-
transcriptional regulation involving miRNAs also contributes to
POU2F2 expression. TargetScanHuman 6.2 (http://www.
targetscan.org/) analysis indicated that the POU2F2 30-UTR
region contained miR-218-binding sites, suggesting that
POU2F2 might be the target gene of miR-218. Previous studies
have reported that miR-218 may directly regulate ROBO18 and
the IKK-β kinase in the NF-κB signalling pathway.27 To confirm
the simultaneous regulation of POU2F2, IKK-β and ROBO1 by
miR-218, we constructed the 30-UTR reporter genes for IKK-β,
POU2F2 and ROBO1-containing miR-218 binding sites as well
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Figure 4 POU2F2 is induced by activated nuclear factor (NF)-κB in gastric cancer (GC). (A) The POU2F2 expression was positively related with
NF-κB activity. SGC7901-NM was transduced with the pBabe-Puro-IKBalpha-mut vector encoding a NF-κB-specific inhibitor or an empty vector. Cells
were stimulated for 2 h with different doses of lipopolysaccharide (LPS) or for different time with 10 μg/mL LPS. NF-κB activity (upper panel) was
detected by a reporter gene. IκBa-mu, IκBa, POU2F2 and ROBO1 expressions (lower panel) were examined by western blot assays. The expressions
of POU2F2 and ROBO1 were positively related with NF-κB activity in SGC7901-NM-vector. NF-κB activity, as well as the expressions of POU2F2 and
ROBO1, was almost no change in SGC7901-NM-IKBalpha-mut cells (n=3). (B) The truncation reporter genes containing different binding sites were
used to analyse the NF-κB transcription activity sites in the POU2F2 promoter region. The regulatory region of NF-κB was located at the −600 to
−300 bp region in the POU2F2 promoter (n=3). (C) The POUF2F wild-type and the POU2F2 −531 to −522 bp mutation reporter genes were used to
analyse the binding sites of NF-κB in the POU2F2 promoter (n=3). (D) In vivo chromatin immunoprecipitation (ChIP) experiments validated the
binding capacity of NF-κB to the POU2F2 promoter. (E) In vivo electrophoretic mobility shift assay (EMSA) experiments verified the binding sequence
of NF-κB in the POU2F2 promoter in the 531 to −522 bp region (n=3).
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as the reporter genes for the binding site mutations, and we
co-transfected the miR-218 vectors into SGC7901-M and
MKN28-M cells. The activity of the wild-type reporter genes
was dramatically impaired, but there was no noticeable change
in the activity of mutated reporter genes (figure 6A). The upre-
gulation of miR-218 expression in SGC7901-M and MKN28-M
cells using the miR-218 lentiviral vector resulted in decreased
protein expression of IKK-β, POU2F2 and ROBO1 as well as
reduced cell invasion and metastasis. In contrast, using miR-218
inhibitors to suppress miR-218 expression in SGC7901-NM
and MKN28-NM cells, the opposite results were observed

(figure 6B, C, see online supplementary figures S9 and S10). In
addition, using shRNA to repress the expression of these three
genes resulted in a metastatic phenotype similar to that resulting
from miR-218 overexpression (figure 6D, see online supplemen-
tary figure S10). In contrast, using the expression vector without
miR-218-binding sites to enhance the levels of IKK-β, POU2F2
or ROBO1 in MKN28-M-miR-218 cells resulted in the partial
rescue of the miR-218-mediated inhibition of GC metastasis
(figure 6E). Our findings indicated that miR-218 suppresses GC
metastasis by inhibiting multiple genes in the NF-κB/POU2F2/
ROBO1 signalling pathway.

Figure 5 POU2F2 links nuclear factor (NF)-κB and the SLIT2/ROBO1 signalling pathway to promote gastric cancer (GC) metastasis. (A) NF-κB
inhibition reversed lipopolysaccharide (LPS)-induced tumour invasion and metastasis. In LPS-induced SGC7901-NM-vector cells, as the NF-κB activity
enhanced, the expressions of POU2F2 and ROBO1 as well as the cell invasion and metastasis capacity correspondingly increased. However, in
SGC7901-NM- IκBa-mu cells in which NF-κB was inhibited by IκBa-mu, no changes were observed. (B) Downregulated POU2F2 expression blocked
increase of ROBO1 expression induced by NF-κB activation, thus reducing cell invasion and metastasis. The exogenous overexpression of ROBO1
antagonised the effects of POU2F2 shRNA on the invasion and metastasis of GC cells. (C) The expressions of P65, POU2F2 and ROBO1 in GC were
detected by immunohistochemical methods (left). A Venn diagram shows the correlation among the three genes in all GCs (n=266) and metastatic
GCs (n=200; right).
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DISCUSSION
This study determined the specific expression of POU2F2 in
metastatic GC and its key role in promoting GC metastasis. Both
the transcriptional activation of NF-κB and post-transcriptional

repression degradation of miR-218 gave rise to POU2F2 expres-
sion. NF-κB directly regulated POU2F2, and POU2F2 directly
targeted ROBO1. Therefore, POU2F2 links NF-κB to the SLIT2/
ROBO1 signalling pathway. The interaction of NF-κB with the

Figure 6 miR-218 suppresses gastric cancer (GC) metastasis by simultaneous inhibiting nuclear factor (NF)-κB activity, POU2F2 expression and
ROBO1 expression. (A) miR-218 luciferase reporter assay. The wild-type and mutant miR-218 targets (IKK-β, POU2F2 and ROBO1) were fused with a
luciferase reporter and transfected into mock-infected or miR-218-infected SGC7901-M and MKN28-M cells. miR-218 significantly suppressed the
luciferase activity of the wild-type luciferase reporters (n=3). (B) Upregulated expression of miR-218 resulted in downregulated protein expression of
IKK-β, POU2F2 and ROBO1. Downregulated expression of miR-218 resulted in the opposite changes. (C) miR-218 negatively regulated the invasion
and metastasis of GC cells. (D) Downregulating the expression of IKK-β, POU2F2 or ROBO1 led to phenotypic changes similar to miR-218
overexpression. (E) The overexpression of IKK-β, POU2F2 or ROBO1 antagonised the inhibition of the metastatic phenotypes of GC cells induced by
miR-218.
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POU2F2/SLIT2/ROBO1 pathway advocates GC metastasis. In
addition, miR-218 inhibited GC metastasis by simultaneously
repressing multiple target molecules in this interacting network.

POU2F2 has been previously thought to be only expressed in
B cells and B-cell-derived tumour cells.2–4 Hippo et al7 discov-
ered a high and specific expression of POU2F2 in metastatic GC
tissue, but the molecular mechanisms underlying its effect in
GC were far from clear. This study not only reaffirmed the
increased expression of POU2F2 in metastatic GC but, more
importantly, it also revealed the role of POU2F2 in conferring
GC cell metastasis through a direct regulation of ROBO1 and
the activation of SLIT2/ROBO1 signalling. SLIT2/ROBO1 sig-
nalling, a critical signalling pathway in the development of the
nervous system, is capable of modulating oriented axon growth
and neuronal migration exclusion.33 34 Recently, a growing
number of studies have reported an increase of SLIT2/ROBO1
expression in tumour tissues, and they have even described the
role SLIT2/ROBO1 in promoting tumorigenesis and metasta-
sis.9 10 35 36 We have identified ROBO1 overexpression in GC
cells, especially in GC cells with high metastatic potential.8

However, our understanding of abnormal ROBO1 expression in
GC remains unclear. Here, for the first time, we discovered and
confirmed that through direct binding to the ROBO1 promoter
region at sites −880 to −873, POU2F2 transcriptionally acti-
vates ROBO1, thus stimulating the SLIT2/ROBO1 signalling
pathway and ultimately promoting GC metastasis. We found
that POU2F2 overexpression promoted GC metastasis via
SLIT2/ROBO1 signalling. Meanwhile, GC cells overexpressing
POU2F2 exhibited a phenotype of EMT, but whether it is asso-
ciated with the activation of SLIT2/ROBO1 pathway still
needed to be further verified.

The SLIT2/ROBO1 pathway does not work via the same
downstream signalling in different cell types. Much is known
about the ROBO1 downstream signalling mechanisms that
mediate cell migration. For instance, Wang et al10 demonstrated
that PI-3K is involved in endothelial cell responses to SLIT2/
ROBO1 interaction. In neuronal cells, Bashaw et al37 demon-
strated that Abelson and Enabled are downstream targets of the
SLIT2/ROBO1 pathway, and Guerrier et al38 suggested that

srGAP2 plays direct roles in ROBO1 signal transduction.
Considering all these findings, the extent to which SLIT2/
ROBO1 specifically affects GC metastasis still remains unclear.
However, our results suggested that SLIT2/ROBO1 signalling
functions as a crucial modulator to stimulate GC metastasis.
However, some studies have also suggested that SLIT2/ROBO1
signalling acts as a tumour suppressor.39–41 Possible explanations
for these differences include different tumour origins and
various metastatic mechanisms. For example, p21, a tumour
suppressor in GC and colorectal cancer, serves as a tumour pro-
moter in prostate and ovarian cancers.42 Therefore, SLIT2/
ROBO1 signalling may not play the same roles in different
types of cancer or even in different stages of the same cancer
type. Previous studies by Poo and colleagues have shown that
the same guidance cue can either attract or repel the same axons
depending on intracellular cyclic adenosine monophosphate
(cAMP) and cyclic guanosine monophosphate (cGMP) levels.43

Thus, the determination of the exact role that cAMP and cGMP
play in cancer metastasis may be helpful to explain the existing
contradiction of SLIT2/ROBO1 functions.

Our findings, for the first time, indicated that the abnormal
expression of POU2F2 in GC cells with high metastatic poten-
tial might be due, at least in part, to the activation of NF-κB.
Our study was the first to confirm in GC cells that by binding to
POU2F2 promoter sites −531 to −522 bp NF-κB transcription-
ally regulates POU2F2 expression, resulting in an interaction
network with POU2F2 in the centre. This network involves
upstream regulation by NF-κB, POU2F2 and the downstream
molecule, ROBO1. It is important to further investigate the con-
tributions of this interacting network in neurons, endothelial
cells and other tumour cells.

In addition to transcriptional regulation by NF-κB, post-
transcriptional regulation by miR-218 is also a major cause for
aberrant POU2F2 expression. Our study is the first to not only
uncover the direct regulation of POU2F2 by miR-218 but to
also demonstrate that miR-218 directly mediates its upstream
regulator, NF-κB-kinase β (IKK-β), and the POU2F2 down-
stream target gene, ROBO1. Our previous studies have shown
that miR-218 levels decrease with decreasing expression levels

Figure 7 A new SLIT/miR-218/
(NF-κB/POU2F2/ROBO1) signalling
pathway promotes gastric cancer (GC)
metastasis. During GC development,
change in SLIT3 gene expression
decreases the expression of miR-218,
which removes the inhibitory effect on
the translation of IKK-β, POU2F2 and
ROBO1. The expressions of IKK-β,
POU2F2, and ROBO1 are upregulated.
In particular, the upregulated IKK-β
activates nuclear factor (NF)-κB, which
further promotes the upregulation of
POU2F2 and ROBO1. ROBO1 interacts
with the SLIT2 ligand, which activates
the SLIT2/ROBO1 signalling pathway,
thus promoting GC metastasis.
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of SLIT3, one of its host genes, in metastatic GC. Decreased
miR-218 eliminates ROBO1 repression, resulting in ROBO1
upregulation. Increased ROBO1 interacts with SLIT2, one of its
ligands, to trigger tumour metastasis owing to the activation of
the SLIT/ROBO1 pathway. Ectopic expression of miR-218 sup-
presses GC metastasis by mediating the SLIT2/ROBO1 signal-
ling pathway. Based on these findings, we have suggested that a
SLIT/miR-218/ROBO1 signalling pathway exists in GC,8 which
has been verified not only in other tumours types but also in
human tissues and organs by researchers worldwide.21 23–26 In
the present study, this regulation loop was further expanded
(figure 7). By way of correlative studies between expression and
function, we validated that in addition to ROBO1 miR-218 also
simultaneously inhibits IKK-β and POU2F2 genes. Under the
simultaneous regulation of these three target genes, GC metasta-
sis is synergistically inhibited. These results provided further
insight into the underlying mechanisms of miR-218. More
importantly, due to its regulative effects on various GC
metastasis-associated genes and signalling pathways, miR-218
has higher priority than a single protein-coding gene in GC
gene therapy.

Collectively, the findings of this study revealed the tumour-
promoting role that POU2F2 plays in GC metastasis and the
mechanisms of POU2F2 facilitating GC metastasis through regu-
lating ROBO1. Moreover, we identified the molecular mechan-
isms of NF-κB activation-induced expression of POU2F2, and
we discovered that the POUF2F-mediated interaction between
NF-κB and the SLIT2/ROBO1 signalling pathway contributes to
GC metastasis. Ultimately, miR-218 can simultaneously orches-
trate multiple molecules in the two interacting signalling path-
ways and is a potential target for therapy.
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