
Original Article
miR-19a/b promote EMT and proliferation
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miR-19a/b belong to the miR-17-92 family. We have demon-
strated previously that miR-19a/b are overexpressed in glioma
and glioma cell lines. However, the role of miR-19a/b in gli-
oma remains unclear. In the present study, we aim to identify
the biological function and molecular mechanism of miR-19a/
b in glioma cell proliferation and epithelial-mesenchymal
transition (EMT). Knocking down miR-19a/b in LN308 glio-
blastoma (GBM) cells with higher expression of miR-19a/b in-
hibits cell proliferation and invasion, induces apoptosis, and
suppresses EMT by downregulating the expression of Akt,
phosphorylated p-Akt, nuclear factor kB (NF-kB), Snail, N-
cadherin, and Vimentin and upregulating E-cadherin
in vitro and in vivo. Enhanced proliferation and EMT are
also observed when miR-19a/b are transfected into SNB19
GBM cells, with lowered expression of miR-19a/b. miR-19a
is more effective than miR-19b in the regulation of biological
behavior of glioma cells. miR-19a/b modulate molecular
events for the promotion of EMT via the Akt-NF-kB pathway.
SEPT7 has been confirmed as the target gene of miR-19a/b.
The effect of miR-19a/b on proliferation and EMT of glioma
cells and the Akt-NF-kB pathway could be reversed by trans-
fection with SEPT7. Our study strongly suggests that miR-
19a/b play a significant role in glioma progression and EMT
through regulating target gene-SEPT7 and the SEPT7-Akt-
NF-kB pathway.

INTRODUCTION
MicroRNAs (miRNAs) are a class of small (18–24 nt) non-coding
RNAs that act as a novel class of gene expression regulators. These
RNA molecules regulate numerous biological processes. There are
about 2,599 unique mature human miRNAs that have been identi-
fied.1 The miRNA genome is often located at fragile genomic sites
and genomic regions involved in cancers. Their expression is dysre-
gulated due to genomic instabilities.2,3 The role of miRNAs in can-
cer was first speculated when it was observed in C. elegans and
Drosophila that miRNAs control aspects of cell proliferation and
apoptosis.4,5

Expression of various miRNAs has been reported to be differentially
altered across a variety of tumor types, suggesting their direct involve-
ment in oncogenesis.6–8
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miR-19a/b have been regarded asmembers of a pan-cancer oncogenic
miRNA superfamily-miR-17-92 cluster, which was the first miRNA
cluster that was considered to have oncogenic properties, and the pri-
mary transcript generated by this family encodes six mature miRNAs,
including miR-19a/b, which are the most important oncogenic miR-
NAs.9 miR-19a/b are upregulated in bladder cancer, gastric cancer,
throat squamous cell carcinoma, and breast cancer.10–14 There are a
few reports about the role of miR-19a and miR-19b in glioma.
miR-19a/b have been identified to be upregulated in pediatric low-
grade glioma.15 Upregulation of serum miR-19a in astrocytoma is
associated with poor patient survival and may serve as a diagnostic
and prognostic biomarker for human astrocytoma.16 Expression of
miR-19a has been demonstrated to be upregulated with glioma pro-
gression in patients with primary World Health Organization
(WHO) grade II gliomas that have spontaneously progressed to sec-
ondary glioblastomas (GBMs), i.e., WHO grade IV.17

We have confirmed that miR-19a/b expression is upregulated in gli-
oma tissue samples and cell lines, and we identified PTEN and
RUNX3 as the target genes of miR-19a/b.18,19

In addition, based on the bioinformatics analyses with HuMiTar, a
sequence-based method for prediction of human miRNA targets,20

SEPT7 has been predicted to be the target gene of miR-19a/b.
SEPT7 is a member of the septin family, a filament-forming cytoskel-
etal GTPase involved in the formation of intracellular microfilaments,
and it plays a key role in a variety of cellular processes. Our previous
study has identified that the expression of SEPT7 is significantly
decreased in gliomas relative to normal brain tissues and its expres-
sion is negatively correlated with the ascending order of glioma
grades. Moreover, cell proliferation and invasion are inhibited and
thors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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apoptosis is induced either in vitro or in vivo when glioma cells are
transfected with SEPT7.21–24

This evidence strongly supports that SEPT7 plays a tumor suppressor
role in gliomagenesis, while its downstream signaling pathway and ef-
fectors should be further explored. Additionally, epithelial-mesen-
chymal transition (EMT) is also an important mechanism to promote
the migration and invasion of tumor cells. The relationship of miR-
19a/b to SEPT7 and EMT that has not been elaborated before was
emphasized in this study.

Additionally, Akt and nuclear factor kB (NF-kB) have been demon-
strated to be constitutively activated and act as critical factors in the
development or progression of various cancers and gliomas as
well.25–29 Several studies have also validated the Akt/NF-kB signaling
pathway in promoting EMT.30 Thus far, there was no report on
whether Akt/NF-kB signaling is involved in the miR-19a/b/SEPT7
pathway in glioma cells.

In the current study, we sought to further study the effect of miR-19a/
b on glioma cell proliferation and invasion in vitro and in vivo, and to
identify whether miR19a/b exert their oncogenic role on glioma cells
via SEPT7 and the Akt/NF-kB pathway.
RESULTS
miR-19a plays a more crucial role in prompting glioma

progression than does miR-19b

Inhibitors of miR-19a/b were transfected to LN308 glioma cells,
which have been identified with higher expression of miR-19a/b,
while mimics of miR-19a/b were transfected to SNB19 glioma cells
with lower expression of miR-19a/b examined in our previous
work.18 The results determined by real-time polymerase chain reac-
tion (RT-PCR) showed that the expression level of miR-19a/b in
LN308 cells transfected with inhibitors of miR-19a/b were signifi-
cantly lowered, whereas SNB19 cells transfected with mimics of
miR-19a/b were upregulated as compared to their negative control
cells (Figures 1A and 2A).

The LN308 cell group transfected withmiR-19a/b inhibitors showed a
significant decrease in viability as compared to the number of cells
and colonies formed in control group (Figures 1B and 1C) as detected
by a Cell Counting Kit-8 (CCK-8) assay and colony formation assay,
respectively. We also found that the effect of miR-19a inhibitor was
stronger than that of the miR-19b inhibitor, and a combination of
both miR-19a and miR-19b inhibitors was the most effective.
Figure 1. Knocking down miR-19a/b suppressed growth, invasion, and migrat

(A) LN308 cells were transfected with miR-NC and miR-19a/19b inhibitors followed by

Colony formation assay of LN308 cells transfected with miR-NC and miR-19a/b inhibit

assay of LN308 GBM cells transfected with miR-NC and miR-19a/b inhibitors. (E) Apo

inhibitors on GBM cell invasion examined by Transwell assay. Scale bars, 200 mm. (G) Mi

healing assay. Scale bars, 200 mm. (H) Expression of Ki67, cyclin D1, BCL-2, and MM

western blotting. GAPDH was used as the loading control. *p < 0.05, **p < 0.01.
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Flow cytometry examination demonstrated that the cell cycle was ar-
rested in the G0/G1 phase, and the cell population in the S phase
decreased when miR-19a/b expression levels were knocked down in
LN308 cells, as shown in Figure 1D.

Wealso analyzed the effectofmiR-19a/b inhibitors oncell apoptosis con-
ducted by annexin V and propidium iodide (PI) double staining.
Compared with the negative control (NC) group, miR-19a/b inhibitor
groups showed a significant increase of apoptotic cell death, suggesting
that thedownregulationofmiR-19a/b inducedcell apoptosis (Figure 1E).

We assessed the glioma cell invasion by a Transwell assay and wound-
healing assay. The numbers of invading cells in the miR-19a/b inhib-
itor groups were drastically reduced compared with that in the control
group, as shown in the Transwell assay (Figure 1F). Meanwhile, the
mobility of LN308 cells was also decreased when miR-19a/b were
knocked down as detected by a wound-healing assay (Figure 1G).

miR-19a/b inhibitors downregulated the expression of molecular
markers Ki67, matrix metallopeptidase 2 (MMP2), cyclin D1, and
BCL-2 in LN308 cells (Figure 1H), coincided with the results that
miR-19a/b inhibitors suppressed cell proliferation and invasion, ar-
rested cell cycle progression, and induced apoptosis as described above.

For further elucidating the role of miR-19a/b in gliomagenesis, we
examined the proliferation, cell cycle progression, apoptosis, and in-
vasion of SNB19 glioma cells being treated with miR-19a/b mimics.

On the contrary, miR-19a/b mimics were identified to promote pro-
liferation and suppress apoptosis of SNB19 glioma cells significantly
(Figures 2B, 2C, and 2E).

It was also demonstrated that the S phase fraction was increased while
the G0/G1 fraction decreased (Figure 2D) in SNB19 cells treated with
miR-19a/b mimics, as determined by cell cycle analysis. The
migratory and invasive abilities of SNB19 cells transfected with
miR-19a/b mimics were increased, as shown in Figures 2F and 2G.

Meanwhile, SNB19 cells transfected with miR-19a/b mimics simulta-
neously increased the expression of Ki67, cyclin D1, BCL-2, and
MMP2 (Figure 2H).

In short, glioma cell lines transfected with miR-19a/b mimics demon-
strated enhanced cell viability and invasion, driving the cell cycle and
suppressing apoptosis in vitro. Therefore, the oncogenic role of miR-
19a/b was demonstrated from both negative and positive sides.
ion and promoted apoptosis of LN308 cells

RT-PCR analysis to detect miR-19a/b levels. U6 served as the internal control. (B)

ors. Scale bar, 5 mm. (C) Cell proliferation detected by CCK-8 assay. (D) Cell-cycle

ptosis of LN308 cells transfected with miR-19a/b inhibitors. (F) Effect of miR-19a/b

gration of GBM cells of miR-NC andmiR-19a/b inhibitor groups detected by wound-

P2 in LN308 cells transfected with miR-NC and miR-19a/b inhibitors detected by
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Figure 3. miR-19a/b directly targeted SEPT7 in GBM

cells

(A) Venn diagram displaying miR-19a/b computationally

predicted to target SEPT7 by three different prediction al-

gorithms: TargetScan, miRDB, and microT-CDS. (B) Pre-

dicted miR-19a/b binding sequence in 30 UTR of SEPT7 as

shown byHuMiTar. (C) Luciferase assay of cells transfected

with SEPT7 30 UTR luciferase reporter plasmid together

with miR-19a/b inhibitors or miR-NC inhibitor. (D) SEPT7

expression in glioma cells transfected with miR-19a/b in-

hibitors and miR-19a/b mimics was detected by western

blotting . GAPDH was used as the loading control. **p <

0.01.
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Moreover, we found that miR-19a was more effective than miR-19b
in promoting glioma progression. Perhaps this result indicated that
miR-19a played a more crucial role in gliomagenesis, while the effect
of miR-19a combined with miR-19b was more potent than that of
either miR-19a or miR-19b alone.

SEPT7 is identified as the target gene of miR-19a/b

SEPT7 has been predicted to be a target gene of miR-19a/b by bio-
informatics analyses with HuMiTar, a sequence-based method for
the prediction of human miRNA targets.20 This finding was
corroborated by the predicted results of TargetScan, miRDB, and
microT-CDS (Figure 3A). There was complementarity between
miR-19a/b and the SEPT7 30 UTR (Figure 3B). A fragment of
the SEPT7 30 UTR containing the miR-19a/b putative binding
site was cloned to construct pGL3-SEPT7 and conducted luciferase
reporter assays. As shown in Figure 3C, a luciferase reporter assay
revealed a remarkable increase of luciferase activity in cells co-
transfected with pGL3-SEPT7 and miR-19a/b inhibitors. More-
over, western blot analysis showed that SEPT7 expression was up-
regulated in LN308 cells treated with miR-19a/b inhibitors, while
SEPT7 was downregulated in SNB19 cells transfected with miR-
19a/b mimics (Figure 3D). This evidence confirmed that miR-
Figure 2. Overexpression of miR-19a/b enhanced growth, invasion, and migration and inhibited apo

(A) SNB19 cells were transfected with miR-NC mimics and miR-19a/b mimics followed by RT-PCR analysis to de

control. (B) Colony formation assay of SNB19 cells transfected with miR-NCmimics andmiR-19a/b mimics. Scal

(D) Cell-cycle assay of SNB19 GBM cells transfected with miR-NC mimics and miR-19a/b mimics, respectively

mimics. (F) Effect of miR-19a/b overexpression on SNB19 cell invasion examined by Transwell assay. Scale bars,

19a/b mimics was monitored by wound-healing assay. Scale bars, 200 mm. (H) Protein levels of Ki67, cyclin D1,

mimics and miR-19a/b mimics detected by western blotting. GAPDH was used as the loading control. *p < 0.0
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19a/b modulated SEPT7 expression by directly
binding to the 30 UTR of SEPT7.

SEPT7 reverses the effect of miR-19a/b on

glioma progression

The expression of SEPT7 was increased when
miR-19a/b were knocked down (Figure 3D). In
order to explore the reverse effect of SEPT7 on
miR-19a/b, SEPT7 small interfering RNA
(siRNA) and inhibitors of miR-19a/b were co-
transfected to LN308 cells. The effects of miR-19a/b inhibitors on
proliferation, invasion, cell cycle kinetics, and apoptosis of glioma
cells were partially abrogated by downregulation of SEPT7 (Figures
4A–4G). Suppression of the expression of Ki67, cyclin D1, BCL-2,
and MMP2 induced by miR-19a/b inhibitors was also reversed by
SEPT7 siRNA (Figure 4H).

As shown in Figure 3D, SEPT7 was downregulated when miR-19a/b
mimics were transfected into SNB19 cells. The reverse effect of SEPT7
on miR-19 mimics was observed by upregulation of SEPT7 in SNB19
cells transfected with SEPT7 recombinant adenovirus (ADV-SEPT7)
(Figure 5A).

As above mentioned, glioma cells transfected with miR-19a/b mimics
alone demonstrated increased cell viability and invasion, accelerated
cell cycle progression, and decreased apoptosis in vitro. Conversely,
glioma cells co-transfected with miR-19a/b mimics and ADV-
SEPT7 showed inhibition of cell proliferation, invasion, and cell cycle
progression and induction of cell apoptosis as compared with the
miR-19 mimics-treated group. Additionally, the expression of their
relevant protein markers, including Ki67, cyclin D1, BCL-2, and
MMP2, was altered accordingly (Figures 5B–5H). The results were
ptosis of GBM cells

tect miR-19a/b expression levels. U6 served as the internal

e bar, 5 mm. (C) Cell proliferation detected by CCK-8 assay.

. (E) Apoptosis of SNB19 cells transfected with miR-19a/b

200 mm. (G) Migration of SNB19 cells transfected with miR-

BCL-2, and MMP2 in SNB19 cells transfected with miR-NC

5, **p < 0.01.
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similar to the inhibitory effect of SEPT7 on glioma progression.24 This
evidence indicates that the effect of miR-19a/b mimics on glioma pro-
gression can be reversed to a considerable degree by upregulation of
SEPT7.

Taken together, both the results from transfection of miR-19a/b in-
hibitors plus SEPT7 siRNA as well as miR-19a/b mimics co-trans-
fected with ADV-SEPT7 in vitro indicated that miR-19a/b affected
the biological behavior of glioma cells through, at least partially, the
negative regulation of SEPT7.

miR-19a/b activate theAkt /NF-kBpathway and promoteEMTby

targeting SEPT7

We further investigated the effect of miR-19a/b on EMT, a process
that contributes to tumor cell invasion and migration. The classic
EMT markers N-cadherin and Vimentin were upregulated while
E-cadherin was downregulated when miR-19a/b expression strength-
ened. On the contrary, N-cadherin and Vimentin were downregu-
lated and E-cadherin was upregulated when miR-19a/b expression
was suppressed (Figures 6A and 6B).

Expression levels of the EMT-activating transcription factors Snail
and Twist were simultaneously enhanced by miR-19a/b (Figures 6A
and 6B). We further co-transfected SEPT7 siRNA and miR-19a/b in-
hibitors to LN308 cells, and ADV-SEPT7 and miR-19a/b mimics to
SNB19 cells as well, and found that SEPT7 reversed the effect of
miR-19a/b on the expression of Snail, Twist, and the biomarkers of
EMT (Figures 6E and 6F). These results indicated that miR-19a/b
activated the EMT process to promote glioma invasion and migration
by targeting SEPT7.

The Akt/NF-kB (p65) pathway was regarded as a positive regulator of
EMT. To explore the underlying mechanism of miR-19a/b promoting
EMT, the impact of miR-19a/b on the Akt/NF-kB (p65) signaling
pathway was investigated. miR-19a/b were demonstrated to upregu-
late the expression of Akt and phosphorylated p-Akt and promote
the nuclear translocation of NF-kB (p65) (Figures 6A–6D). SEPT7
has been identified to reverse the effect of miR-19a/b on Akt, p-Akt,
and nuclear translocation of NF-kB (p65) (Figures 6E–6H).

miR-19a-targeted therapy in an orthotopic xenograft model

miR-19a has been shown to be more effective in glioma progression
compared with miR-19b, further identifying miR-19a as a potential
target for the treatment of malignant gliomas. Additionally, the onco-
genic effect of miR-19a is mediated mostly through the negative regu-
Figure 4. Knocking down miR-19a/b suppressed proliferation and invasion of

(A) Expression of SEPT7 in glioma cells transfected with SEPT7 siRNA detected by weste

inhibitors and SEPT7 siRNA. Scale bar, 5 mm. (C) Cell proliferation of LN308 cells co-tra

Cell-cycle analysis of LN308 GBM cells transfected with miR-19a/b inhibitors and miR-

miR-19a/b inhibitors and miR-19a/b inhibitors + SEPT7 siRNA. (F) Effect of miR-19a/b

examined by Transwell assay. Scale bars, 200 mm. (G) Migration of LN308 cells tran

monitored by wound-healing assay. Scale bars, 200 mm. (H) Protein levels of Ki67, cyclin

19a/b inhibitors + SEPT7 siRNA examined by western blot analysis. GAPDH was used
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lation of SEPT7, and Lipofectamine-mediated targeted therapies for
orthotopic xenograft glioma models were performed.

The expression levels ofmiR-19a and SEPT7were knocked down as de-
tected by Real-time PCR (RT-PCR) andwestern blotting in LN308 cells
after either being transfected with miR-19a inhibitor alone or co-trans-
fectedwith SEPT7 siRNA (Figures 7A and 7C). Likewise, the expression
ofmiR-19awasdownregulated in xenograft tumor samples of the Lenti-
in-miR-19a group (the mice were implanted with LN308 cells trans-
fected with lentivirus bearing the inhibitor of miR-19) (Figure 7B),
and the expression levels of miR-19a and SEPT7 were downregulated
in the Lenti-in-miR-19a + Lenti-Si-SEPT7 group (themice were treated
with lentivirus carrying both the inhibitor of miR-19a and siRNA of
SEPT7) (Figures 7B and 7K). The procedure of targeted therapies for
xenograft glioma models is demonstrated in Figure 7D. During the
observation period, the signals of bioluminescence imaging (BLI)
wereweaker in the Lenti-in-miR-19a group than the control group (Fig-
ures 7E and 7F, p < 0.05, compared with the lenti-in-miR-NC control
group), while the signals of the Lenti-in-miR-19a + Lenti-Si-SEPT7
group were much stronger than those in the Lenti-in-miR-19a group
(Figures 7E and 7F, p < 0.05, compared with the Lenti-in-miR-19a
group), which indicated that knocking down miR-19a decelerated
tumour growth, and downregulation of SEPT7 reversed the inhibitory
effect of miR-19a inhibitor on glioma proliferation. At the end of the
observation period, the Lenti-in-miR-19a group inhibited tumor
growth significantly. However, there was no difference in tumor growth
between the Lenti-in-miR-19a + Lenti-Si-SEPT7 group and the control
group. The body weights ofmice in three groups were quantified, which
showed that mice of the Lenti-in-miR-19a group gained weight, while
the mice of the control group and the Lenti-in-miR-19a + Lenti-Si-
SEPT7 group lost weight at the end of observation (Figure 7G, p <
0.01, compared with the Lenti-in-miR-19a group).

The median survival of the control group was 36 days, while mice
bearing orthotopic xenografts transfected with miR-19a inhibitor
had a median survival of 46 days (Figure 7H, p < 0.01, compared
with the control group), and mice bearing orthotopic xenografts
co-transfected with Lenti-in-miR-19a and Lenti-Si-SEPT7 had a me-
dian survival of 36.5 days (Figure 7H, p < 0.05, compared with the
Lenti-in-miR-19a group).

Hematoxylin and eosin (HE) staining of tumor tissues confirmed that
tumor volumes of the Lenti-in-miR-19a group were reduced as
compared with those of the control group. Nevertheless, mice in
the miR-19a inhibitor + SEPT7 siRNA group regained tumor growth,
glioma cells by targeting SEPT7

rn blotting. (B) Colony formation assay of LN308 cells co-transfected with miR-19a/b

nsfected with miR-19a/b inhibitors and SEPT7 siRNA detected by CCK-8 assay. (D)

19a/b inhibitors + SEPT7 siRNA. (E) Cell apoptosis of LN308 cells transfected with

inhibitors and miR-19a/b inhibitors + SEPT7 siRNA on invasion of LN308 cell was

sfected with miR-19a/b inhibitors and miR-19a/b inhibitors + SEPT7 siRNA was

D1, BCL-2, and MMP2 in LN308 cells transfected with miR-19a/b inhibitors or miR-

as the loading control. *p < 0.05, **p < 0.01.
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and their tumor volumes were enlarged compared with those in the
Lenti-in-miR-19a group (Figure 7J).

Cell apoptosis was detected by the TUNEL (terminal deoxynucleo-
tidyl transferase-mediated deoxyuridine triphosphate nick end label-
ing) method in xenograft tumors. Tumors in the Lenti-in-miR-19a
group exhibited an increased apoptotic rate as compared with that
in control tumor group, while the apoptotic rate of tumors in the
miR-19a inhibitor + SEPT7 siRNA group was lowered as compared
with that in tumors of the Lenti-in-miR-19a group (Figure 7I). This
result also suggested that the miR-19a inhibitor promoted cell
apoptosis at least partially through negative regulation on SEPT7.

Immunohistochemical analysis revealed that the expression of SEPT7
was upregulated in xenograft tumor samples derived from the Lenti-
in-miR-19a group. The expression levels of Akt, p-Akt, Snail, N-cad-
herin, Vimentin, Ki67, BCL-2, cyclin D1, MMP2, and NF-kB (p65) in
tumor samples were significantly suppressed by miR-19a inhibitor
and partially restored by downregulation of SEPT7 (Figure 7K). The
findings were coincident with the effect of co-transfected miR-19a in-
hibitor and SEPT7 siRNA on the expression of these biomarkers
in vitro. Accordingly, all results from in vivo experiments suggested
that downregulation of miR-19a inhibited tumor growth and malig-
nant progression through the SEPT7-AKT-NF-kB (p65) pathway.

DISCUSSION
miRNAs play important roles in gene modulation. It is estimated that
potentially up to one-third of all protein-coding genes are regulated by
miRNAs according to computational predictions.31–33 Dysregulation
of miRNAs has also been associated with glioma formation and pro-
gression.34–36 Several studies have revealed that miR-19a/b directly
affect target genes such as PPARa, RUNX3, PTEN, and RhoB to regu-
late the proliferation and invasion of glioma cells.18,19,37,38 Additionally,
it has been reported that miR-19a/b themselves can be modulated by
long non-coding RNA MEG3 and linc-NeD125.39,40

In our previous work, we determined the expression of miR-19a and
miR-19b in eight glioma cell lines, 43 freshly resected glioma samples,
and 75 archival paraffin-embedded glioma specimens with different
grades of malignancy by both real-time PCR and in situ hybridization,
and we found that the expression of miR-19a/b is upregulated in gli-
oma tissues and cell lines. LN308 glioma cells are identified to have
the highest expression of miR19a/b, while their expression in
SNB19 glioma cells is the lowest. Furthermore, miR-19a/b expression
is positively correlated with glioma grades, that is, the moremalignant
Figure 5. miR-19a/b promoted cell proliferation, invasion, and migration and re

(A) Expression of SEPT7 was detected by western blotting when ADV-SEPT7 was trans

assay of SNB19 cells transfected with miR-19a/b mimics and miR-19a/b mimics + ADV

assay. (D) Cell-cycle kinetic analysis of SNB19 cells after transfection withmiR-19a/bmim

and miR-19a/b mimics + ADV-SEPT7 group. (F) Effect of miR-19a/b mimics and miR-1

assay. Scale bars, 200 mm. (G) Migration of SNB19 cells transfected with miR-19a/b mim

bars, 200 mm. (H) Protein levels of Ki67, cyclin D1, BCL-2, and MMP2 in LN308 cells of m

western blot analysis. GAPDH was used as the loading control. *p < 0.05, **p < 0.01.
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the glioma, the higher is the expression of miR-19a/b, suggesting that
miR-19a/b might act as oncomiRs in glioma.18

In the current study, cell proliferation and invasion were suppressed
by knocking down miR-19a/b in LN308 glioma cells, whereas cell
apoptosis was induced. Conversely, cell proliferation and invasion
are enhanced, and cell apoptosis is suppressed, when miR-19a/b are
overexpressed in SNB19 cells. Knockdown or overexpression of
miR-19a exerts a more remarkable effect on the biological behaviors
of GBM cells than miR-19b, while the effect of combined miR-19a
and miR-19b is stronger than either one of them alone. These
results suggest that miR-19a is likely to play a more critical role in gli-
oma progression, but miR-19a combined with miR-19b can exert a
synergistic effect on glioma progression. The expression of the bio-
markers involved in cell proliferation, cell cycle progression, invasion,
and apoptosis, including Ki67, cyclin D1, MMP2, and BCL-2, are
downregulated when miR-19a/b are knocked down in vitro and
in vivo. All evidence suggests that miR-19a/b play an oncogenic
role in gliomagenesis.

For further exploring the underlying mechanism of the oncogenic ef-
fects of miR-19a/b on glioma cells, the major target genes that miR-
19a/b negatively regulated in gliomagenesis were predicted on the ba-
sis of bioinformatics analyses with HuMiTar,20 and SEPT7 has been
found to be one of the predicted target genes of miR-19. In the present
study, SEPT7 was validated to be directly regulated by miR-19a/b us-
ing a luciferase reporter assay. Meanwhile, when knocking down
miR-19a/b with corresponding inhibitors, the expression of SEPT7
was significantly upregulated, as shown in western blot analysis.
These results indicate that SEPT7 is a target gene of miR-19a/b. Addi-
tionally, our previous study also demonstrated that SEPT7 is down-
regulated and plays a tumor suppressor role in glioma.24

On the basis of previous work, we further identified whether SEPT7 is
one of the major effectors of miR-19a/b for the regulation of biolog-
ical behavior of glioma cells.We found that proliferation and invasion
of glioma cells co-transfected with miR-19a/b inhibitors and SEPT7
siRNA are suppressed, but to a significantly less extent compared
with transfected miR-19a/b inhibitors alone. Meanwhile, prolifera-
tion and invasion of the cells co-transfected with miR-19a/b mimics
and SEPT7 are enhanced, but much less effectively than when trans-
fected only with the miR-19a/b mimics group. These results suggest
that the effect of miR-19a/b on biological behaviors of glioma cells
can be reversed to a considerable degree by SEPT7. miR-19a inhibitor
can inhibit growth of the LN308 glioma xenograft, and the effect of
duced apoptosis of GBM cells by targeting SEPT7

fected to SNB19 cells. GAPDH served as the loading control. (B) Colony formation

-SEPT7. Scale bar, 5 mm. (C) Cell proliferation of SNB19 cells detected by CCK-8

ics andmiR-19a/bmimics + ADV-SEPT7. (E) Apoptosis ofmiR-19a/bmimics group

9a/b mimics + ADV-SEPT7 on invasion of SNB19 cells was examined by Transwell

ics and miR-19a/b mimics + ADV-SEPT7monitored by wound healing assay. Scale

iR-19a/b mimics group and miR-19a/b mimics + ADV-SEPT7 group examined with
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miR-19a inhibitor on suppressing tumor growth and inducing cell
apoptosis also can be reversed by SEPT7 siRNA in vivo. All evidence
has strongly indicated that SEPT7 might play an important role in
miR-19a/b by affecting biological behaviors of glioma cells.

The EMT enables tumor cells to acquire the characteristics of mesen-
chymal cells and lose the features of epithelial cells, such as adherens
junctions and apical-basal polarity. The EMT is identified as a key
step in the progression of glioma and plays a major role in promoting
the migration and invasion of tumor cells.41 The overexpression of
mesenchymal cell traits such as N-cadherin and Vimentin coincided
with loss of the epithelial cell biomarker E-cadherin, which is the
classic pattern of EMT activation.42 Our data have shown that knock-
down of miR-19a/b results in downregulation of N-cadherin and Vi-
mentin, as well as upregulation of E-cadherin expression, in glioma
cells. On the contrary, overexpression of miR-19a/b upregulates N-
cadherin and Vimentin expression, and it downregulates E-cadherin
expression. Thus, miR-19a/b are identified to promote EMT in gli-
oma cells. SEPT7 has been demonstrated to reverse the effect of
miR-19a/b on EMT by antagonizing the regulation of miR-19a/b
on N-cadherin, Vimentin, and E-cadherin. These results support
that miR-19a/b enhances EMT by suppression of SEPT7.

To further elucidate the underlying mechanism of miR-19a/b’s regu-
lation on EMT, we also studied the effects of miR-19a/b and SEPT7
on the Akt/NF-kB signaling pathway.

The phosphatidylinositol 3-kinase (PI3K)/Akt/NF-kB signaling
pathway is activated and plays an important role in EMT and the pro-
gression of gliomas.43 Akt has been reported to promote EMT by
enhancing the expression of Twist, one of the major transcription fac-
tors to induce EMT. Twist also can exert a significant effect on the Akt
signaling pathway, and Aktactivity was inhibited when Twist was
knocked down in glioma cells in vivo.44,45 As the downstream factor
of Akt, NF-kB also plays a crucial role in glioma progression.46 NF-
kB is activated by PI3K/AktT pathway, and Akt phosphorylates IkB ki-
nase (IKK)a and IkBa successively, leading to IkBa degradation and
followed by nuclear translocation of one of the NF-kB familymembers,
p65 (RelA), and transcription of its target genes.47 p65 has been iden-
tified to promote EMT of glioma cells by inducing the transcription of
Snail and Twist, two important EMT transcription factors.48,49
Figure 6. miR-19a/b were promoted EMT by activation of the Akt /NF-kB pathw

and EMT

(A) Akt, p-Akt, and EMT-associated proteins in LN308 cells transfected with inhibitors o
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loading control. (C) Expression of NF-kB (p65) in cytoplasm and nucleus in LN308 cells tr

and histone 3 (H3) were used as loading controls. (D) Expression of NF-kB (p65) in cytop

by western blot analysis. GAPDH andH3were used as loading controls. (E) Expression o

inhibitors and miR-19a/b inhibitors + SEPT7 siRNA as detected by western blot analys
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transfected with miR-19a/b mimics and miR-19a/b mimics + ADV-SEPT7 as detect

respectively.

300 Molecular Therapy: Oncolytics Vol. 20 March 2021
Akt/NF-kB activate EMT of glioma cells by decreasing E-cadherin
expression and enhancing vimentin and N-cadherin expression so
as to enhance their mesenchymal phenotype. Our results demon-
strate that Akt and its activating phenotype, p-Akt,50 are upregu-
lated when miR-19a/b mimics are transfected to glioma cells and
downregulated when miR-19a/b is knocked down. Akt is identified
to be activated by miR-19a/b and, in turn, promoted NF-kB (p65)
translocation into the cell nucleus. When miR-19a/b mimics are
transfected into glioma cells, it has been found that they upregulate
Akt and p-Akt, promote nuclear translocation of NF-kB (p65), and
enhance expression of major EMT transcription factors, including
Snail and Twist, and then the important EMT markers N-cadherin
and Vimentin are upregulated, while E-cadherin is inhibited,
thereby accelerating the EMT process. When miR-19a/b are
knocked down, the opposite results are found. These findings fully
illustrate that miR-19a/b activate the Akt/NF-kB (p65) signaling
pathway to promote the EMT process.

NF-kB (p65) also promotes invasion of glioma cells by activating
MMPs, a group of enzymes necessary for extracellular matrix
(ECM) degradation and facilitating tumor cell migration.46 The
expression of MMP2 is positively correlated with that of NF-kB
(p65) whenmiR-19a/b are overexpressed or knocked down, which in-
dicates that miR-19a/b might regulate MMP2 via modulating NF-kB
(p65). Cyclin D1 is also regulated by NF-kB (p65).46 Accordingly, it
can be speculated that miR-19a/b enhance cyclin D1 through NF-
kB (p65) to promote cell cycle progression.

PTEN has been identified as the principal negative regulator of the
PI3K-AKT signaling pathway in glioma, and it was also the target
gene of miR-19a/b in our previous study,19 so PTEN is naturally
thought to play an important role in miR-19a/b regulating the
Akt/NF-kB (p65) signaling pathway. However, in the present study
we also observed that the effect of knocking down miR-19a/b on the
expression of Akt, NF-kB (p65), Twist, Snail, E-cadherin, N-cad-
herin, Vimentin, MMP2, and cyclin D1 can be reversed to a certain
extent by knocking down SEPT7, while the effect of miR-19a/b
mimics can be reduced to a considerable degree by overexpression
of SEPT7 (Figure 8). These results indicate that, in addition to
PTEN, miR-19a/b also activate AKT/NF-kB (p65) EMT through
suppressing SEPT7.
ay, and SEPT7 reversed the effect of miR-19a/b on the Akt /NF-kB pathway

f miR-19a/b were determined by western blotting. GAPDH was used as the loading

imics of miR-19a/b were determined by western blotting. GAPDH was used as the

ansfected with inhibitors of miR-19a/b as detected by western blot analysis. GAPDH
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transfected with miR-19a/b inhibitors and miR-19a/b inhibitors + SEPT7 siRNA as
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ed by western blot analysis. GAPDH and H3 were used as the loading controls,



Figure 7. miR-19a downregulation inhibited xenograft tumor growth and induced cell apoptosis in vivo by targeting SEPT7

(A) Expression of miR-19a in LN308 cells transfected with Lenti-in-miR-NC, Lenti-Si-NC, Lenti-in-miR-19a, and Lenti-Si-SEPT7. (B) Expression of miR-19a in tumor samples

of the Lenti-miR-NC + Lenti-Si-NC group, the Lenti-in-miR-19a group, and the Lenti-in-miR-19a + Lenti-Si-SEPT7 group detected by RT-PCR analysis. (C) Expression of

(legend continued on next page)
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Figure 8. Schematic model of miR-19a/b/SEPT7 axis-

induced glioma cell malignant progression

In glioma cells, upregulation of miR-19a/b promoted glioma

malignant progression via Akt-NF-kB pathway by targeting

SEPT7.
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In summary, upregulation of miR-19a/b plays a vital role in the ma-
lignant progression of glioma. miR-19a exerts a more prominent ef-
fect than does miR-19b on biological behaviors of glioma cells. Com-
bined miR-19a with miR-19b have a synergistic effect on glioma
growth and malignant progression. SEPT7 is identified as one of
the major target genes of miR-19a/b, and miR-19a/b activates Akt/
NF-kB to promote EMT partially by suppressing SEPT7. Under-
standing the dysregulation of the miR-19a/b/SEPT7/Akt/NF-kB
pathway in glioma is important to improve our knowledge of the mo-
lecular pathophysiology of GBM development and progression, and it
may offer potential novel targets for the treatment of GBM.

MATERIALS AND METHODS
Cell culture

The human SNB19 and LN308 GBM cell lines were purchased from
the Institute of Biochemistry and Cell Biology, Chinese Academy of
Science. All cell lines were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (Invitrogen) and 2 mM glutamine
(Sigma-Aldrich, St. Louis, MO, USA), and incubated at 37�C with
5% CO2 and subcultured every 2–3 days.

Cell transfection with oligonucleotides and ADV-SEPT7

The specific inhibitors of miR-19a/b, mimics of miR-19a/b and
SEPT7 siRNA, and scramble constructs were chemically synthesized
by GenePharma (Shanghai, P.R. China). The RNA interference se-
quences are listed in Table S2.
SEPT7 in LN308 cells transfected with Lenti-Si-SEPT7 or Lenti-in-miR-19a. (D) Schematic representation of

randomly into three groups, i.e., the Lenti-miR-NC + Lenti-Si-NC group, the Lenti-in-miR-19a group, and the Le

bioluminescence images of orthotopic xenografts on the days indicated. (F) Bioluminescence signals were quant

groups was recorded as an indicator of tumor progression. (H) Kaplan-Meier survival curve of mice from three g

a TUNEL assay. Scale bars, 200 mm. (J) Representative HE staining of tumor gross dissection from three

(K) Immunohistochemistry analysis of the expression of SEPT7, Akt, p-Akt, p65, E-cadherin, N-cadherin, Vim

samples from three groups. Scale bars, 50 mm. *p < 0.05, **p < 0.01.
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Oligonucleotides were transfected into SNB19 and
LN308 cells (75 nM, 48 h) at 70% confluency using
Lipofectamine 3000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instruc-
tions. ADV-SEPT7 and a scrambled sequence
adenovirus (ADV-scramble) were purchased
from GenePharma (P.R. China). For cell transfec-
tion, cells were incubated with diluted viral con-
structs in serum-free medium at 37�C for 1 h,
the necessary amount of complete medium was
added, and cells were incubated for a further 48–
72 h. For the in vivo study, the lentivirus with in-
hibitor of mir-19a and siRNA of SEPT7 (GeneChem, Shanghai, P.R.
China) were designed to knock down the expression of miR-19a and
SEPT7 in GBM cells. The constructed lentiviral vectors were trans-
fected into LN308 cells according to the manufacturer’s instructions.

miR-19 expression determined by quantitative real-time PCR

Total RNA was extracted from parental GBM cells and cells trans-
fected with inhibitors of miR-19a/b or miR19a/b mimics using TRIzol
reagent (Invitrogen). Then RNA was reverse transcribed into strand
cDNA using a GoTaq reverse transcription kit (Promega, Beijing,
P.R. China). miRNA-specific reverse transcription primers and quan-
titative PCR primers were obtained from GenePharma. The primer
sequences are listed in Table S1.

To quantify the expression level of miR-19a/b, quantitative real-time
PCR was conducted on a CFX96 PCR cycler (Bio-Rad, Hercules, CA,
USA) using GoTaq qPCR master mix (Promega), and fold changes
were calculated by relative quantification. Each sample was analyzed
in triplicate. Data are shown as fold change (2�DDCT method).

LN308 and SNB19 cells were divided into miR-19a/b inhibitors and
miR-19 a/b mimics sets. The miR-19a/b inhibitors set was further
divided into five groups as follows: (1) NC group: LN308 cells trans-
fected with scramble sequence of miR-19a/b inhibitors (miR-NC-in)
and LN308 cells transfected with scramble sequence of SEPT7 siRNA
(si-control). (2) miR-19a inhibitor group (miR-19a-in): LN308 cells
transfected with miR-19a inhibitor. (3) miR-19b inhibitor group
miR-19a-targeted therapy in vivo. The mice were divided

nti-in-miR-19a + Lenti-Si-SEPT7 group. (E) Representative

ified in tumors from three groups. (G) Mouse weight of three

roups. (I) Apoptosis of glioma samples was detected using

groups. Scale bars, 1 mm (upper) and 50 mm (lower).

entin, Snail, Ki67, MMP2, BCL-2, and cyclin D1 in tumor
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(miR-19b-in): LN308 cells transfected with miR-19b inhibitor. (4)
miR-19a/b inhibitors group (miR-19a + 19b-in): LN308 cells
transfected with both miR-19a inhibitor and miR-19b inhibitor.
(5) miR-19a/b-in + SEPT7 siRNA group (miR-19a + 19b-in + si-
SEPT7): LN308 cells co-transfected with inhibitors of miR-19a/b
and SEPT7 siRNA simultaneously.

The miR-19a/b mimics set was also divided into five groups as fol-
lows: (1) NC group: SNB19 cells transfected with scramble sequence
of miR-19a/b mimics (miR-NC-mi) and SNB19 transfected with
scramble sequence of recombinant adenovirus (ADV-scramble).
(2) miR-19a mimics group (miR-19a-mi): SNB19 cells transfected
with miR-19a mimics. (3) miR-19b mimics group (miR-19b-mi):
SNB19 cells transfected with miR-19b mimics. (4) miR-19a/b
mimics group (miR-19a + 19b-mi): SNB19 cells transfected with
miR-19a/b mimics. (5) miR-19a/b mimics + ADV-SEPT7 group
(miR-19a + 19b-mi + ADV-SEPT7): SNB19 cells co-transfected
with miR-19a/b mimics and SEPT7 recombinant adenovirus.

Colony formation assays and cell proliferation analysis

Parental cells and transfected cells were seeded into six-well plates
(500 cells for each well) and continuously cultured for 10 days. After
washing with PBS, cells were fixed with ice-cold methanol and stained
with crystal violet solution (Sigma-Aldrich, St. Louis, MO, USA). Im-
ages were taken and colony dot numbers were counted, and results
were expressed as percentage of control. For the CCK-8 assay, cells
were seeded in 96-well plates (3 � 103 for each well). Optical density
of the cells was measured in triplicate wells at 450 nm for different
suitable time points using the CCK-8 kit (Dojindo, Kumamoto,
Japan) following the manufacturer’s protocol.

Cell cycle kinetic analysis

Parental or transfected cells in the log phase of growth were harvested,
and the cells were fixed with ice-cold 70% ethanol and incubated at
4�C overnight. Before staining, the cells were spun down in a cooled
centrifuge and resuspended in cold PBS. RNAase (Becton Dickinson,
Franklin Lakes, NJ, USA) was added, followed by incubation of cells
in PI (Becton Dickinson). Samples were detected using a FACScan
flow cytometer (Becton Dickinson), and the data were analyzed
with FlowJo software (FlowJo, USA).

Detection of apoptotic cell death

Parental and transfected cells in the log phase of growth were har-
vested, centrifuged, and resuspended in binding buffer contains an-
nexin-Vfluorescein isothiocyanate (FITC) (KeyGEN BioTECH,
Nanjing, P.R. China) and PI (KeyGEN BioTECH).

Flow cytometric assays were performed using a FACScan flow cytom-
eter (Becton Dickinson). The experiments were repeated three times
for each group of cells, and the data were analyzed by FlowJo software
(FlowJo, USA).

The apoptotic cell death for the tumor specimens from the in vivo
study was examined by the TUNELmethod using an in situ cell death
kit (KeyGEN BioTECH). The tumor tissue slices were incubated with
Proteinase K for 15 min at room temperature, then washed with PBS.
Endogenous peroxidase was blocked by 3% H2O2 in methanol for
30 min at room temperature. Sections were then incubated with
TUNEL reaction mixture for 60 min at 37�C in a humidified atmo-
sphere in the dark. Positive cells were visualized under fluorescence
microscopy. Nuclei were counterstained with a DAPI karyotyping
kit (Genmed, Shanghai, P.R. China) and visualized using an
FV-1200 laser scanning confocal biological microscope (Olympus,
Tokyo, Japan).
Transwell assay and wound-healing assay

Transwell chambers were precoated with Matrigel on the upper sur-
face of the polycarbonate membrane (24-well insert, 8-mm pore size,
Becton Dickinson). Transfected and control cells suspending in
serum-free DMEM were added to the upper chamber, and
DMEM containing 10% fetal bovine serum was placed into the
lower chamber as a chemoattractant. After 24 h of incubation, the
cells that had invaded the lower surface of the filter were fixed
with 4% paraformaldehyde and stained with crystal violet. The
average number of migrated cells was determined in three randomly
chosen visual fields under an inverted light microscope (Olympus,
Tokyo, Japan).

Transfected and control cells seeded in six-well plates were allowed to
proliferate freely until they reached 80%–90% confluency. The scratch
wounds were created in the monolayer of confluent glioma cells with
a 200-mL pipette tip. Then, these cells were incubated as usual.
A wound healing assay was measured and imaged using an inverted
light microscope (Olympus) at 0, 12, and 24 h. The data were obtained
from three repeated experiments.
Western blot analysis

Total proteins were extracted from the parental and transfected
cells lysed in radioimmunoprecipitation assay (RIPA) buffer
(Solarbio, Beijing, P.R. China). Protein lysates from each sample
were subjected to SDS-PAGE separation and transferred to a poly-
vinylidene fluoride (PVDF) membrane (Millipore, Bedford, MA,
USA). The membrane was incubated with relevant primary anti-
bodies, including Ki67, MMP2, cyclin D1, BCL-2, Akt, p-Akt, V-
imentin, Snail, E-cadherin, N-cadherin, and Twist (Abcam,
Shanghai, P.R. China), SEPT7 and p65 (Santa Cruz Biotechnology,
Dallas, TX, USA), and GAPDH and histone 3 (H3) (ABclonal,
Wuhan, P.R. China), followed by incubation with a horseradish
peroxidase (HRP)-conjugated secondary antibody (Abcam). Pro-
teins were detected using a SuperSignal protein detection kit
(Pierce, Rockford, IL, USA).
Plasmid constructs and luciferase reporter assay

A fragment of the SEPT7 30 UTR containing a putative miR-19a and
miR-19b binding site was cloned into XbaI-treated pGL3-control
luciferase reporter vector (pGL3) and located immediately down-
stream of the stop codon of luciferase (pGL3-SEPT7).
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For luciferase reporter experiments, LN308 and SNB19 cells were
transfected with pGL3-SEPT7 and inhibitors of miR-19a and miR-
19b, and the pGL3-SEPT7 was separately transfected as a control.
Luciferase activity was determined by using a Dual-Luciferase reporter
assay system (Promega) according to the manufacturer’s instructions.

Orthotopic GBM mouse model and miR-19a targeted therapy

in vivo

Four-week-old male immune-deficient nude mice (BALB/c-nu) were
purchased from the animal center of the Cancer Institute of Chinese
Academy ofMedical Science (Beijing, P.R. China), and they were bred
at the Experimental Animal Center of the Institute of Hematology
and Blood Diseases Hospital, Chinese Academy of Medical Sciences.
The experimental protocols were approved by the Ethics Committee
for Animal Experimentation of Tianjin Medical University General
Hospital.

The LN308 cell line was selected to establish a nude mouse orthotopic
GBM model. The method was the same as previously described,51

with LN308 cells transfected with luciferase-encoding lentivirus
(GeneChem) at first.

Then, the mice were divided randomly into three groups as follows,
and each group consisted of six mice: (1) Lenti-NC group: LN308 cells
transfected with lentivirus carrying scramble sequence of miRNA in-
hibitor (Lenti-in-miR-NC) and scramble sequence of SEPT7 siRNA
(Lenti-Si-NC) were implanted. (2) Lenti-in-miR-19a group: the
mice were implanted with LN308 cells transfected with lentivirus
bearing the inhibitor of miR-19a. (3) Lenti-in-miR-19a + Lenti-Si-
SEPT7 group: the mice were treated with lentivirus carrying both
inhibitor of miR-19a and siRNA of SEPT7.

Quantitative RT-PCR (qRT-PCR) and western blotting were per-
formed to confirm transfection efficiency.

The survival of mice in each group was observed. Intracranial tumor
growth was monitored by the BLI method on days 10, 20, and 30,
respectively. The mice were injected intraperitoneally with D-luciferin
(Promega) and imagedwith the in vivo imaging system(IVIS) Spectrum
live imaging system (PerkinElmer,Waltham,MA,USA) tomeasure the
tumor volume. Survival period and weight of mice were recorded
through the whole experiment. At the end of the observation period,
tumor tissues were removed to extract total RNA for detecting miR-
19a expression and for preparation of paraffin-embedded sections.

Immunohistochemistry (IHC) and HE staining

An IHC assay was performed as previously described21 for detection
of SEPT7 and p65 (NF-kB) (Santa Cruz Biotechnology, Dallas, TX,
USA) and Akt, p-Akt, Snail, E-cadherin, N-cadherin, Vimentin,
Ki67, BCL2, MMP2, and Cyclin D1 (Abcam, Shanghai, P.R. China)
expression.

HE staining was also routinely performed. The processed slides were
observed under an optical microscope (Olympus, Japan).
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Statistical analysis

Data are expressed as the means ± SD of three independent experi-
ments. Statistical analyses were performed using SPSS version 13.0
(SPSS, Chicago, IL, USA). Differences between experimental groups
and controls were assessed by a Student’s t test or ANOVA analysis,
and the survival analysis was performed using log-rank tests. p-value
<0.05 was considered statistically significant (single asterisks in the
figures) and p <0.01 was considered strongly significant (double aster-
isks in the figures).
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