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ABSTRACT
Aberrant expression of miR-141 has recently implicated in the occurrence and
development of various types of malignant tumors. However whether the involvement
of miR-141 in the pathogenesis of glioma remains unknown. Here, we showed that
miR-141 was markedly downregulated in glioma tissues and cell lines compared with
normal brain tissues, and its expression correlated with the pathological grading.
Enforced expression of miR-141 in glioma cells significantly inhibited cell proliferation,
migration and invasion, whereas knockdown of miR-141 exerted opposite effect.
Mechanistic investigations revealed that HOTAIR might act as an endogenous ‘sponge’
of miR-141, thereby regulating the derepression of SKA2. Further, we explored the
molecular mechanism by which miR-141 expression was regulated, and found that
the miR-141 promoter was hypermethylated and that promoter methylation of
miR-141 was mediated by DNMT1 in glioma cells. Finally, both overexpression of
miR-141 and knockdown of HOTAIR in a mouse model of human glioma resulted in
significant reduction of tumor growth in vivo. Collectively, these results suggest that
epigenetic modification of miR-141 and the interaction of ceRNA regulatory network
will provide a new approach for therapeutics against glioma.

INTRODUCTION

single stranded, non-coding RNAs of approximately
22 nucleotides that can downregulate various gene
products [4].
MiRNA is preferentially incorporated into an
enzyme complex named RNA-induced silencing complex
(RISC), which composed of Dicer, TRBP, and a protein
of the Argonaute (Ago) superfamily. Within the help of
this complex, miRNAs cause target cleavage or translation
repression after binding to targets by complementary base
pairing within the 3-untranslated region [4, 5] .
Therefore, miRNAs regulate diverse cellular
processes, including cell-cycle progression, proliferation,
invasion and development, and function as oncogenes or
tumor suppressor miRNAs [6, 7]. Dysregulated expression
of miRNAs has been linked to various kinds of cancer, such
as gliomas [8, 9]. MiRNA dysregulation can be regulated
by many factors, including epigenetic alterations such
as DNA methylation, and histone modification [10, 11].
MiR-141 is a member of the miR-200 family that can

Malignant gliomas are the most common primary
tumors of the brain and are divided into four histopathologic
grades based on the degree of malignancy [1].
Glioblastoma multiforme (GBM), known as grade IV
glioma, is characterized by highly invasive growth pattern,
and is often related to high incidences of postresection
recurrence and poor prognosis [2]. GBM invasion
comprises a series of discrete biological processes,
including detachment of tumor cells from the original
site, and a multistep cascade of coordinated cell adhesion
and contractility as well as a proteolytic remodeling of
the extracellular matrix [3]. Although various cells and
molecules are available on malignant process, a critical
need still exists to identify novel targets that can be used
to curb the progression of glioma.
MicroRNA (miRNA) is emerging as a new paradigm
in the field of glioma. MiRNAs are highly conserved,
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affect malignant phenotype of tumor cells [12]. Recently,
epigenetic modification of miR-141 has been detected in
breast cancer cell, correlating with their downregulation
[13]. However, the exact role of miR-141 in gliomas has
not yet been elucidated.
Long non-coding RNAs (LncRNAs) are transcribed
RNA molecules more than 200 nucleotides in length,
but they have no significant protein-coding potential
[14]. LncRNAs regulate the expression of genes at the
epigenetic, transcriptional and post-transcriptional levels,
and play an important role in physiological processes [15].
LncRNAs are involved in a variety of biological processes,
including proliferation, invasion, differentiation, and
chromatin modification through multiple regulation of
mechanisms [16]. Recently, a novel regulatory mechanism
has been found in which the interaction between lncRNAs
and mRNAs occurs through competing for shared
miRNAs response elements [17]. Hox transcript antisense
intergenic RNA (HOTAIR), well known as a lncRNA, is
located on chromosome 12q13.13, which has a functional
role in trans-silencing [18]. HOTAIR expression levels are
highly in diverse types of cancers, including breast, colon
and liver cancer [19–21]. In addition, HOTAIR is closely
associated with glioma grade, as well as a critical regulator
of cell cycle progression [22]. To date, emerging evidence
has strongly suggested that aberrant lncRNA expression
is a feature of human glioma. However, miRNA-lncRNA
network in glioma remains unknown and needs further
investigation.
In this study, we provide evidence for the role of
miR-141 as one of the tumor-suppressive miRNAs that
is frequently downregulated in glioma samples and cell
lines, through methylation of its promoter. Interestingly,
HOTAIR may act as a ‘sponge’ of miR-141, thereby
modulating expression of SKA2 in glioma. The present
work provides specific epigenetic regulatory network
between methylation, miRNA, and lncRNA, suggesting a
novel strategy for the prevention and treatment of gliomas
based on targeting miR-141 and its downstream HOTAIR.

decrease in low grade glioma samples, whereas a much
stronger decrease was observed in high grade glioma
samples, suggesting that miR-141 may be involved in
pathogenesis of glioma (Figure 1B). It was also shown
that miR-141 was down-regulated in 3 glioma cell lines,
compared with 6 normal brain tissues (Figure 1C).
Taken together, our results revealed that miR-141 was
abnormally down-regulated in glioma and its expression
level negatively correlated with disease severity.

MiR-141 inhibits glioma cells proliferation,
migration and invasion
To investigate the role of miR-141 in glioma, U251
and U87 glioma cells were transiently transfected with
miR-141 mimic, miR-141 inhibitor or scramble. QRTPCR analyses showed that miR-141 was significantly
increased in cells transfected with miR-141 mimic and
decreased in the miR-141 inhibitor-transfected group
compared with scramble (Figure 1D). MTT assay
showed that miR-141 mimic significantly inhibited cells
proliferation both in U251 and U87 cells, whereas miR-141
inhibitor promotes cell growth in both cell lines
(Figure 2A–2B). The wound healing assay showed that
miR-141 overexpression exhibited considerably slower
migration and reduced cell spreading of both U87 and
U251 cells, whereas miR-141 knockdown boosted cell
migration in both cell lines (Figure 2C). To test whether
miR-141 expression influences the invasive behavior
of U87 and U251 glioma cells, we performed transwell
assays. Overexpression of miR-141 significantly inhibited
the invasion of cells, whereas the knockdown of miR-141
enhanced cells invasion (Figure 2D). Collectively, these
results indicated that miR-141 strongly inhibited the
proliferation and invasion of glioma cells.

MiR-141 is able to directly repress and bind to
HOTAIR
MiRNAs exert their functions by targeting multiple
transcripts that are coordinately orchestrated in a
biological process. By using similar strategies as described
in previous study [23], HOTAIR was predicted as one of
the targets of miR-141 (Figure 3A).To validate whether
HOTAIR is target of miR-141 in U87 and U251 glioma
cells, we constructed luciferase reporter plasmid containing
3′UTR for HOTAIR. As shown in Figure 3B–3C,
ectopic expression of miR-141 markedly decreased the
reporter luciferase activities. Furthermore, mutagenesis
in miR-141 target sites of the HOTAIR 3′UTR linked to
the luciferase reporter confirmed the site-specific effect of
miR-141 (Figure 3B–3C). MiR-141–mediated regulation
of HOTAIR expression in U87 and U251 glioma cells
was further verified by HOTAIR mRNA expression
analysis using qRT-PCR. HOTAIR mRNA expression was
markedly decreased by transfection of miR-141 mimic,

RESULTS
The loss of miR-141 expression in gliomas
To determine the levels of miR-141 in glioma
samples and cell lines, total RNAs were extracted from
glioma tissues at grades I, II, III, and IV, normal brain
tissue samples and glioma cell lines, and the expression
levels of miR-141 were analyzed using qRT-PCR. As
shown in Figure 1A, the levels of miR-141 expression in
glioma tissues (n = 56) were significantly down-regulated
compared with normal brain tissues (n = 11). To explore
whether there is any association between the loss of
miR-141 and the pathogenesis of glioma, we detected
the expression of miR-141 in glioma tumor samples with
different histopathologic grades and found a significant
www.impactjournals.com/oncotarget
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and was upregulated by transfecting miR-141 inhibitor
in U87 and U251 glioma cells (Figure 3D). Hence, the
downregulation of HOTAIR by miR-141 was directly
dependent on the recognition site in the HOTAIR 3′UTR
in glioma cells.

correlation of low miR-141 expression with high HOTAIR
expression in human glioma patients is consistent with our
finding that overexpression of miR-141 can downregulate
HOTAIR in glioma cells (Figure 3G).

MiR-141 regulates glioma cells proliferation and
invasion in part by HOTAIR

HOTAIR expression is inversely correlated with
miR-141 in human glioma tissues

To examine if the effect of miR-141 on cell
proliferation and invasion is mediated by HOTAIR, we
co-transfected U87 and U251 cells with HOTAIR plasmid
and miR-141 mimic. We demonstrated that miR-141
mimic suppressed the clone formation of glioma cells
while HOTAIR reversed the decrease in clone formation
(Figure 4A). As shown in Figure 4B, Transwell assays
analysis indicated that miR-141 mimic inhibited the
migration of glioma cells while HOTAIR rescued the
migration. Similarly, the inhibition of glioma cells
invasion mediated miR-141 mimic was in part rescued
HOTAIR (Figure 4C). These results may imply that the
tumor-suppressive function of miR-141 is partly through
negative regulation of HOTAIR in glioma.

Because miR-141 could repress the expression of
HOTAIR, we investigated whether an inverse relationship
existed between miR-141 expression and levels of
HOTAIR. We examined expression of HOTAIR mRNA
in human glioma samples. The HOTAIR mRNA levels
were significantly up-regulated in glioma samples in
comparison with normal brain tissues, and the upregulation
of HOTAIR associated with glioma malignancy (Figure
3E–3F). Next, we investigated whether HOTAIR mRNA
expression was inversely correlated with levels of
miR-141 in glioma tissues. A total of 56 glioma tissues
were analyzed for the expression levels of HOTAIR
mRNAs and for miR-141 expression by qRT-PCR. The

Figure 1: miR-141 is downregulated in glioma samples and glioma cells. (A) miR-141 expression in glioma and normal brain

tissues by qRT-PCR. (B) qRT-PCR analysis of miR-141 in different grade glioma and normal brain tissues.(C) qRT-PCR analysis showed
that U87, U251, and A172 glioma cells express low levels of miR-141, compared with normal brain tissues. (D) qRT-PCR analyses of the
inhibition or overexpression efficiencies of miR-141 in U87 and U251 glioma cells. The data represent the mean ± SD of three different
experiments.*P < 0.05, **P < 0.01 versus Normal or scramble control.
www.impactjournals.com/oncotarget
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SKA2 is a direct target miR-141

mimic. We found that miR-141 mimic reduced SKA2
mRNA and protein expression (Figure 5D–5F). To
explore whether miR-141 exerts biological functions by
SKA2, we performed a rescue experiment. Data from
the MTT assay showed that miR-141 inhibitor promoted
and si-SKA2 suppressed glioma cell proliferation. Cotransfection of miR-141 inhibitor and si-SKA2 showed
that miR-141 inhibitor increased cell proliferation
suppressed by si-SKA2 (Figure 6A–6B). Clone formation
assay demonstrated that miR-141 knockdown promoted
clone formation in glioma cells, while cotransfection with
si-SKA2 moderated the effect of miR-141 knockdown
(Figure 6C). In addition, the invasion was promoted
in miR-141 inhibitor treated glioma cells, while SKA2
knockdown reversed the invasion mediated by miR-141
inhibitor (Figure 6D). Therefore, these results suggest
that miR-141 acts its tumor suppressor roles by SKA2 in
glioma cells.

On the basis of miRNA target prediction databases
such as TargetScan, miR-141 has the predicted seed
matches in the 3′UTR of SKA2 (Figure 5A). To verify
that SKA2 is a direct target of miR-141 in U87 and U251
cells, the 3′UTR of SKA2 with wild type or mutant seed
sequence recognizing sites was cloned to a dual-luciferase
reporter. After co-transfection of miR-141 mimic or
scramble with SKA2 3′UTR-Wt or SKA2 3′UTR-Mut
plasmid to U87 and U251 glioma cells, luciferase activity
was analyzed. The results showed that the relative
luciferase activity of the plasmid carrying SKA2 3′UTRWT was significantly suppressed in the presence of miR141 mimic. In contrast, this effect was not detected in the
plasmid carrying SKA2 3′UTR -Mut (Figure 5B–5C).
We further examined SKA2 mRNA and protein expression
in U87 and U251 cells after transfection of miR-141

Figure 2: miR-141 suppresses cell proliferation, migration, and invasion in U87 and U251 glioma cells. (A, B) Effects of

miR-141 on cell proliferation in U87 and U251 glioma cells analyzed using the MTT assay.(C, D) Effects of miR-141 on cell migration, and
invasion in U87 and U251 glioma cells analyzed using Wound-healing assay and Transwell invasion assay, respectively. The data represent
the mean ± SD of three different experiments. *P < 0.05, **P < 0.01 versus scramble control.
www.impactjournals.com/oncotarget
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HOTAIR regulates the miR-141 target, SKA2

SKA2 through binding miR-141, thereby regulating the
derepression of SKA2.

To examine if HOTAIR is involved in regulation
of miR-141 target genes, the SKA2 3′UTR construct
was subsequently transfected together with HOTAIR and
miR-141 mimic in U87 and U251 glioma cells. Luciferase
assays indicated that, in the presence of HOTAIR, miR-141
mediated-SKA2 3′UTR repression was restored compared
with the control group (Figure 7A). To investigate whether
HOTAIR regulated miR-141 target gene SKA2, U87 and
U251 cells were transfected with HOTAIR or si-HOTAIR.
The expression levels of SKA2 mRNA and protein were
markedly downregulated by transfection of si-HOTAIR,
and upregulated by overexpression of HOTAIR (Figure
7B–7E). Because HOTAIR could upregulate SKA2,
we next examined whether HOTAIR was co-expressed
with SKA2 in human glioma samples. We measured the
expression levels of HOTAIR and SKA2 in 56 human
glioma tissues. As shown in Figure 7F, HOTAIR transcript
level was positively correlated with SKA2 mRNA level.
Together, these results suggest that HOTAIR may act as
a competing endogenous RNA (ceRNA) for the target

Effect of DNA methylation on miR-141
expression
We investigated whether the downregulation of
miR-141 expression in glioma was caused by an epigenetic
mechanism. As shown in Figure 8A, the miR-141 was
localized in the cellular nucleus and cytoplasm in low
grade glioma tissues, however, high grade glioma tissues
lacked miR-141 expression. The MSP result showed that
compared with normal brain tissues, the promoter CpG
islands of miR-141 were hypermethylated in low grade
and high glioma specimens which miR-141 expression
was downregulated, strongly suggesting an essential role
of promoter methylation in miR-141 down-regulation
(Figure 8B).
To further validate this finding, we treated the cells
with DNA methyltransferase inhibitor 5-AzadC for 48 h.
Compared with the controls, the expression of miR-141
was significantly upregulated, and the demethylation of

Figure 3: miR-141 targets and negatively is correlated with HOTAIR. (A) miR-141 binding sequence in HOTAIR. The red

letters in HOTAIR sequence are mutated. (B, C) miR-141 mimic repressed Luciferase activity of the wild but not the mutant 3′UTR of
HOTAIR reporter in U87 and U251 glioma cells (D). The expression of HOTAIR mRNA was observed after transfection with miR-141
mimic or miR-141 inhibitor. (E) The expression of HOTAIR in glioma samples and normal brain tissues by qRT-PCR. (F) qRT-PCR
analysis of HOTAIR in different grade glioma and normal brain tissues (G). The correlation between miR-141 and HOTAIR mRNA level
was measured in 56 glioma tissues.The ΔCt values were subjected to Pearson correlation analysis. The data represent the mean ± SD of
three different experiments.*P < 0.05, **P < 0.01 versus Normal or scramble control.
www.impactjournals.com/oncotarget
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miR-141 in U251 and U87 glioma cells with 5-AzadC
treatment (Figure 8C–8D). These findings suggest
that the downregulation of miR-141 may be due to the
hypermethylation of miR-141 promoter. To determine
whether DNMT1 is involved in the methylation of miR-141
in glioma cells, the expression of DNMT1 gene was
inhibited by DNMT1 RNAi (Figure 8E–8F). As illustrated
in Figure 7G–7H, DNMT1 knockdown with RNAi
in U251 and U87 glioma cells ameliorated miR-141
methylation, and restored miR-141 mRNA expression.
These results suggest that the loss of miR-141 is dependent
on DNMT1 in glioma cells.

cells. As shown in Figure 9A–9D, both LV-miR-141
and sh-HOTAIR significantly reduced xenograft tumor
growth. H&E staining showed decreased cell density in
LV-miR-141 and sh-HOTAIR xenografts (Figure 9E).
Next, immunostaining analysis of the proliferation
marker PCNA and Ki67 was performed in resected tumor
tissues. The number of PCNA and Ki67 positive cells
significantly reduced in the LV-miR-141 and sh-HOTAIR
xenograft tumor tissues (Figure 9F). Western blot analyses
showed that SKA2 expression was decreased in the
LV-miR-141 and sh-HOTAIR xenograft tumor (Figure 9E).
These results suggest that miR-141 reduces the in vivo
proliferation capacity of glioma cells, which is associated
with HOTAIR.

Both overexpression of miR-141 and knockdown
of HOTAIR inhibit xenograft tumor growth
in vivo

DISCUSSION

To test the function of miR-141 in vivo, we
established a xenograft tumor model in nude mice with
LV-miR-141 and sh-HOTAIR infected U87 glioma

Aberrant expression of miRNAs is closely related
to tumorigenesis. Recent data have shown that miR-141
plays important roles in tumorigenesis. For example,

Figure 4: miR-141’s antitumor activity is in part through negative regulation of HOTAIR. (A) HOTAIR restores clone
formation which is suppressed by miR-141 mimic in U87 and U251 glioma cells. (B) HOTAIR restores cell migration which is inhibited by
miR-141 mimic in U87 and U251 glioma cells.(C) HOTAIR restores cell invasion which is inhibited by miR-141 mimic in U87 and U251
glioma cells. The data represent the mean ± SD of three different experiments. *P < 0.05, **P < 0.01 versus scramble control.
www.impactjournals.com/oncotarget
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miR-141 has been found to be up-regulated in ovarian
cancer and colon cancer, and acts as an oncogene
[24, 25]. While the other studies show that miR-141 is
downregulated in pancreatic cancer, renal cell carcinoma
and gastric cancer [26–28]. However, the function of
miR-141 in gliomas has not yet been elucidated. In the
present study, we demonstrated that miR-141 expression
was significantly downregulated in gliomas tissues and
correlated with pathological grade of gliomas. Recently,
Liu et al. reported that miR-141 inhibited malignant
biological phenotype of hepatocellular carcinoma cells, but
in contrast to other studies that suggested miR-141 acted
as an oncogene in nasopharyngeal carcinoma [29, 30].

Here, we demonstrated that miR-141 significantly
suppressed glioma cell proliferation, migration and
invasion, whereas inhibition of miR-141 exerted the
opposite effect. These observations imply that miR-141
may be a tumor suppressor miRNA and therapeutic target
in gliomas.
Recently, increasing studies have showed that
miRNAs have an effect on the regulation of lncRNAs.
MiR-34a binds directly to HOTAIR and represses
expression levels of HOTAIR in prostate cancer cells [31].
In addition, HOTAIR promotes cell cycle progression
in glioma as a result of the binding of its 5′ domain to
the PRC2 complex [32]. Chiyomaru et al reported that

Figure 5: SKA2 is downstream target of miR-141. (A) Predicted binding of miR-141 to the 3′UTR of human SKA2 by

TargetScan. (B, C) miR-141 mimic repressed Luciferase activity of the wild but not the mutant 3′UTR of SKA2 reporter in U87 and U251
glioma cells. (D) SKA2 mRNA expression was downregulated after transfection with miR-141 mimic in U87 and U251 glioma cells.
(E) miR-141 mimic decreased the expression of SKA2 protein in U87 and U251 glioma cells. The data represent the mean ± SD of three
different experiments.*P < 0.05, **P < 0.01 versus scramble control.
www.impactjournals.com/oncotarget
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HOTAIR is one of the downstream targets of miR-141
in renal carcinoma cells [23]. Here, we presented strong
evidence that miR-141 could inhibit the expression
of HOTAIR by combining directly to the 3′UTR of
HOTAIR in glioma cells, and an inverse correlation
between miR-141 and HOTAIR expression in glioma
tissues. Furthermore, our analyses demonstrated that
miR-141 inhibited the proliferation and invasiveness
of glioma cells, whereas HOTAIR reversed the effects
that miRNA-141 exerted. In accordance with the fact
that HOTAIR promotes malignancy, whereas miR-141
suppresses malignancy in a variety of tumors [33, 34].
These results suggest that HOTAIR is involved in miR141-mediated proliferation and invasion potential in
glioma.
Spindle and kinetochore associated complex
subunit 2(SKA2) located on human chromosome 17q
23.2 is involved in the maintenance of the metaphase

plate and/or spindle checkpoint silencing [35]. Recent
evidences showed that overexpression of SKA2 promoted
proliferation and human breast cancer progression,
whereas SKA2 knockdown in human lung epithelial cells
reduced transactivation and suppressed dexamethasone
inhibition of proliferation [36, 37]. In an approach using
a combination of in silico miRNA target prediction and
target confirmation by 3′UTR luciferase assays, qRTPCR and western blotting, we identified SKA2 as a novel
target of miR-141 in human glioma cells. We further
demonstrated that miR-141 inhibited the proliferation,
migration and invasion by targeting the 3′-UTR of
SKA2 in human glioma cells. In vivo experiments also
confirmed that miR-141 inhibited xenograft tumor growth
by targeting SKA2.
Recently, increasing studies have showed that
lncRNAs may act as endogenous sponge RNAs to
interact with miRNAs by competing with miRNAs for

Figure 6: SKA2 mediated the effect of miR-141 on glioma cells. (A–B) MTT assay was performed to detect the proliferation after
co-transfected with miR-141 inhibitors and si- SKA2. *P < 0.05, **P < 0.01 vs. control group; #P < 0.05 vs. miR-141 inhibitors group.
(C) Colony formation assay was performed to determine the proliferation effect of glioma cells after co-transfected with miR-141 inhibitors
and si- SKA2. *P < 0.05, **P < 0.01 vs. control group; #P < 0.05 vs. miR-141 inhibitors group. (D) Invasion assay in glioma cells was
performed to determined cell invasiveness after co-transfected with miR-141 inhibitors and si- SKA2. **P < 0.01 vs. control group;
#
P < 0.05 vs. miR-141 inhibitors group. Data are presented as mean ± SD from three independent experiments.
www.impactjournals.com/oncotarget
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binding to target mRNAs, and then to silence target genes.
The miRNA associated with lncRNA was firstly put
forward in 2007, a study from Arabidopsis thaliana that
found an lncRNA IPS1 to bind to the miR-399, and then
repressed its target mRNA [38]. A recent report showed
that highly up-regulated liver cancer (HULC) might act
as an endogenous ‘sponge’ of miR-372, which results in
reducing translational repression of its target gene [39]. To
investigate the miRNA-related functions of HOTAIR in
glioma, we chose miR-141 as a model miRNA for further
studies, with a particular focus on the target gene SKA2.
In this study, luciferase assays confirmed the existence
of specific crosstalk between HOTAIR and SKA2
through competition for miR-141 binding. Consistent
with HOTAIR sequestration of miR-141, showed that
HOTAIR actually regulated SKA2 protein expression both
in vitro and in vivo.These results are similar with previous
report that a competing endogenous RNA HOTAIR is
transmodulators of gene expression through competing

miR-331-3p binding [40]. The positive correlation
between SKA2 and HOTAIR expression and the relevance
to miR-141 expression levels supports our hypothesis that
ceRNA can sequester miRNAs, thereby protecting their
target mRNAs from repression.
CpG islands hypermethylation in the promoter
region of specific genes was firmly established as an
important regulatory mechanism for the inactivation of
those genes [41]. MiRNA deregulation can occur at both
the transcriptional and processing level, and aberrant DNA
methylation patterns have been implicated in altering
miRNA expression in the cancer development process
[42–44]. DNA methylation is associated with repression
of miRNAs possessing promoter-associated CpG islands.
Recently, increasing studies have reported that DNA
methylation of tumor-suppressor miRNAs, including miR211, miR-23b and miR-145, is observed in glioma [45–47].
We showed that miR-141 hypermethylation was found in
high grade glioma tissues. The expressions and functions

Figure 7: HOTAIR regulate miR-141 target, SKA2. (A)The 3′UTR of SKA2 was fused to the luciferase coding region (psiCHECK-

SKA2 3′UTR) and transfected in U87 and U251 glioma cells with miR-141mimic to verify SKA2 is the target of miR-141. psiCHECKSKA2 3′UTR and miR-141 mimic constructs were co-transfected into cells with plasmids expressing HOTAIR or with a control vector
to confirm the ceRNA activity of HOTAIR. (B–E) The level of SKA2 mRNA and protein expression in U87 and U251 glioma cells upon
HOTAIR, si-HOTAIR or control transfection. (F) The correlation between SKA2 and HOTAIR mRNA level was measured in 56 glioma
tissues.The ΔCt values were subjected to Pearson correlation analysis. The data represent the mean ± SD of three different experiments.
*P < 0.05, **P < 0.01 versus Normal or scramble control.
www.impactjournals.com/oncotarget
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of these tumor-suppressor miRNAs can be reversed and
restored by the demethylating agent 5-AzadC [48]. In the
present study, we demonstrated that 5-AzadC treatment
induced the demethylation of miR-141, and restored
miR-141 expression in glioma cells. As we know, DNA
methylation is established and maintained by DNMTs and
is frequently disrupted in cancers, thus contributes directly
and indirectly to carcinogenesis [49]. Here, we showed
that DNMT1 was involved in epigenetic repression of
miR-141 in glioma cells. These findings suggest that the
loss of miR-141 expression probably attributed, at least in
part, to epigenetic modification by the hypermethylation
of miR-141 promoter in gliomas.
In conclusion, our findings from the present
study strongly suggest the involvement of HOTAIR in
abnormal expression of miR-141 mediated by epigenetic

modification targeted SKA2 in glioma (Figure 10).
MiR-141 as a candidate tumor suppressor miRNA
related to the pathogenesis and progression of human
gliomas. HOTAIR may act as an endogenous ‘sponge’
by binding miR-141, thereby abolishing the miRNAinduced repression of SKA2. Moreover, Epigenetic
inactivation of miR-141 is a common event in glioma. It
is worth mentioning that HOTAIR may act as endogenous
sponge RNA and sequester a handful of miRNAs, while
miR-141 is also able to regulate multiple targets. Thus,
the multiple properties of HOTAIR are possibly due to
simultaneous targeting of multiple targets in glioma.
Further investigation of non-coding RNA could therefore
provide more information related to the pathogenesis of
human gliomas; reveal novel mechanisms to broaden our
knowledge of the involvement of epigenetic modification

Figure 8: The down-regulation of miR-141 due to the hypermethylation of its promoter region in glioma. (A). ISH with

anti-miR-141 probe was performed to determine the localization of miR-141 in low grade glioma and high grade glioma. Representative
views are presented (×100). (B) miR-141 methylation status in normal brain tissues, low grade glioma tissues, and high grade glioma tissues.
(C) Effects of 5-azadC on miR-141 expression in U87 and U251 glioma cells. (D) Effects of 5-azadC on miR-141 promoter methylation
in U87 and U251 glioma cells. (E–F) The mRNA and protein expression of DNMT1 was measured in DNMT1 siRNA-transfected U87
and U251 glioma cells. (G)The mRNA expression of miR-141 was analyzed in DNMT1 siRNA-transfected U87 and U251 glioma cells.
(H) miR-141 promoter methylation was measured in DNMT1 siRNA-transfected U87 and U251 glioma cells. The data represent the mean ± SD
of three different experiments. *P < 0.05, **P < 0.01 versus Control or scramble group.
www.impactjournals.com/oncotarget
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Figure 9: In vivo tumor xenografts study. Nude mice were subcutaneously injected with LV-miR-141 or sh-HOTAIR transfected

U87 cells. (A) Sample tumors from LV-miR-141 and sh-HOTAIR were shown. (B) Tumor volume was calculated every 7 days after
injection. (C) Hematoxylin and eosin staining of xenograft tumor tissues. Magnification, 40×. (D) Ki67 and PCNA expression was detected
by immunohistochemistry assay in xenograft tumor sections,Magnification, 40×.(E)SKA2 protein expression in LV-miR-141 tumors and
sh-HOTAIR tumors. The data represent the mean ± SD of three different experiments. **P < 0.01 versus LV-control.

Figure 10: A schematic model of methylation of miR-141 mediated by DNMT1 regulates SKA2 by an endogenous
‘sponge’ HOTAIR in glioma.
www.impactjournals.com/oncotarget
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in human gliomas; and eventually provide new therapeutic
strategies with gliomas.

China) and transfected using Lipofectamine 2000
(Invitrogen, Carlsbad, CA). The HOTAIR sequences were
synthesized and subcloned into the pCDNA3.1 vector. The
pCDNA constructs or the empty vector were transfected
into glioma cells cultured on six-well plates according
to the manufacturer’s instructions. The sequences of the
siRNAs are described in Supplementary File.

MATERIALS AND METHODS
Cell lines and patient tissue samples
Human glioma cell lines U87, U251 and A172 were
purchased from Cell Bank of Type Culture Collection
of Chinese Academy of Sciences (Shanghai, China).
Dulbecco’s modified Eagle’s medium (DMEM) and
fetal bovine serum (FBS) were obtained from Hyclone
(Logan, Utah, USA).Tissue samples were collected from
the neurosurgery department of The Second Affiliated
Hospital of Anhui Medical University (HeFei, China).
Samples were collected and snap-frozen in liquid
nitrogen immediately and preserved in −80°C. A total of
67 samples were used for this study including (WHO I/
II, n = 31), (WHO III/IV, n = 25) and normal brain tissues
derived from the temporal lobes and saddle area of the
patients with arachnoid cyst after surgery (n = 11), both
glioma patients and controls had the similar percentages
with respect to sex and age. This study was approved by
the Research Ethnics Committee of The Second Affiliated
Hospital of Anhui Medical University. Informed consent
was obtained from all patients.

Real-time PCR analysis
Total RNA was extracted from glioma specimens or
glioma cells using TRIzol reagent (Invitrogen). Real-time
quantitative PCR analysis was performed using SYBR
Green Master Mix Kit on Thermo Fisher connect RealTime PCR platform. For relative quantification, 2-ΔΔCT
was calculated and used as an indication of the relative
expression levels, which was calculated by subtracting CT
values of the control gene from the CT values of miR-141,
HOTAIR, SKA2 and DNMT1. Real time PCR was
carried out under a standard protocol using the following
primers(Supplementary File).

Cell proliferation
Cells were seeded into 96-well plate with a
concentration of 3000 cells per well, and incubated
at 37°C 4 days post infection. The number of viable
cells was measured at daily intervals (hour 24, 48, 72
and 96). At each time point, 10 µl of 5 mg/ml MTT
(Dingguo Biotechnology) was added, and incubation
was continued for 4 h. Then the medium was removed
carefully and 150 µl of DMSO was added at the end of
incubation. The absorbance was measured at 592 nm on
the spectrophotometer. For the colony formation assay, a
total of 200 cells were seeded in 6-well plates in triplicate
and maintained in the complete medium for 10 days. The
natural colonies were washed with PBS and fixed with
4% paraformaldehyde for 30 min at room temperature.
The colonies were then stained with Giemsa for
10 min, washed with water and air-dried. The total number
of colonies with more than 50 cells was counted under
fluorescence microscopy.

5-aza-2′-deoxycytidine treatment
U87 and U251 cells were cultured overnight, 5-aza2′-deoxycytidine (5-AzadC) was added and was refreshed
every 24 h until 48 h treatment ﬁnished. The medium
containing PBS only was regarded as a control.

Methylation-specific polymerase chain reaction
The methylation status of the miR-141 promoter
region was determined by methylation-specific PCR
(MSP) using bisulfite-modified DNA. Two primer
sets were used to amplify the promoter region of the
miR-141 that incorporated a number of CpG sites, one
specific for the methylated sequence (miR-141-M,
forward:5′-TTCGGGAGTAGTTCGGTTC-3′;reverse:5′AATTAAACTATACCGCCCCG -3′) and the other
for the unmethylated sequence (miR-141-U, forward:
5′-GGTTTGGGAGTAGTTTGGTTT-3′;reverse:5′-AAAT
TAAACTATACCACCCCAC -3′).MSP experiments were
performed at least in duplicate.

Scratch wound assay
Glioma cells were transfected with miR-141
mimic, miR-141 inhibitor or si-NC. Wounds were created
in adherent cells using a 20 μL pipette tip, 24 h after
transfection. The cells were then washed three times with
PBS to remove any free-floating cells and debris. Medium
without serum was added, and the cells were incubated
under normal conditions. Wound healing was observed
after 24 h under light microscopy. Representative scrape
lines were photographed using digital microscopy after

RNA interference (RNAi) analysis and plasmid
construction
Small interfering RNA (siRNA) and nonspecific
control siRNA was synthesized (Genepharma, Shanghai,
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culture inserts were removed. Each experiment was
repeated in triplicate.

manufacturer’s protocol. The values were normalized to
those obtained for miRNA negative control transfection.
All transfection experiments were performed in triplicate.

In vitro migration and invasion assays

Fluorescence in situ hybridization (FISH)
detection

Glioma cells (1 × 105) were plated on the top side
of polycarbonate Transwell filters (without Matrigel for
Transwell assay) or plated on the top side of polycarbonate
Transwell filter coated with Matrigel (for Transwell matrix
penetration assay) in the upper chamber of the QCM™
24-Well Cell Invasion Assay (Cell Biolabs, INC, USA).
For migration assays, cells were suspended in medium
without serum, and medium without serum was used in
the lower chamber. For the invasion assay, cells were
suspended in medium without serum, and medium
supplemented with serum was used as a chemoattractant
in the lower chamber. The cells were incubated at 37°C
for 24 hours (migration assay) or (invasion assay). The
non-migratory or non-invasive cells in the top chambers
were removed with cotton swabs. The migrated and
invaded cells on the lower membrane surface were fixed
with Methanol and stained with crystal violet. Cells were
counted visually in 5 random fields under light microscope
(10 × objective lens). In addition, migrated and invaded
cells were dissociated, lysed and quantified at 570 nm
using spectrophotometer.

In situ hybridisation (ISH) was performed
with an in situ hybridization kit (Boster Biological
Technology, Ltd., Wuhan, China). The glioma tissue
microarrays were deproteinated, and then prehybridized
for 2 h in hybridization liquid in a humidified chamber
(50% formamide, 5 × SSC). MiR-141 probes were
added to the sections on the microarray and incubated
overnight at 40°C in a water bath. The anti-digoxigeninrhodamine and streptavidin-FITC solution was added
and incubated for 2 h at room temperature in the dark.
Nuclei were counterstained with a DAPI karyotyping kit
(Genmed, USA). Sections were sealed and detected under
a fluorescence microscope with an OptiGrid system and
analyzed by IPP6.1 (Olympus, Tokyo, Japan).

Tumor formation study in vivo
Tumor formation was studied by establishing
a xenograft model. Lentiviral vectors(GeneChemCo.
Ltd,Shanghai,China) containing miR-141 (LV-miR-141)
and sh-HOTAIR were used to infect U87 glioma cells
according to the manufacturer’s instructions. BALB/c
female nude mice (4 weeks old) were purchased from
Beijing HFK Bio-Technology Co., Ltd (China). The
animal experiments in this study were approved and
reviewed by the Animal Research Committee of Anhui
Medical University. Care and handling of the animals
were in accordance with the guidelines for Institutional
and Animal Care and Use Committees. Mice were
randomly divided into 2 groups with 6 mice in each group.
Infected U87 glioma (5 × 106 cells/mouse) suspended
in PBS solution were injected subcutaneously into the
mice. Tumor volumes were measured every 7 days using
calipers along two major axes and calculated according
to the formula V = 0.5 × L (length) × W2 (width).
At 42 days after cell inoculation, mice were sacrificed.
Excised tumors were evaluated for volume and weight.

Western blotting
Cells were lysed with RIPA lysis buffer (Beyotime,
China). Whole-cell extracts (20 or 40 μg) were then
fractionated by electrophoresis through an 8% or 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Gels were run at a 120 V for 2 h before
transfer onto a PVDF membrane (MilliporeCorp, Billerica,
MA, U.S.A.). Anti-β-actin, Anti-DNMT1, anti-SKA2 were
diluted 1:1000. Following incubation with the primary
antibody, blots were washed three times in TBS/Tween-20
before incubation for 1 h with goat anti-mouse or mouse
anti-rabbit horseradish peroxidase conjugated antibody at
a 1:10000 dilution in TBS/Tween-20 containing 5% milk.
Proteins were visualized with ECL-chemiluminescent kit
(ECL-plus, Thermo Scientific).

Luciferase assay

Statistical analysis

Human glioma cells (1 × 104) grown in a 96-well
plate were co-transfected with 150 ng of the corresponding
psiCHECK2 plasmid, 50 nM miR-141 mimic or mimic
NC, and comprising 3′UTR of SKA2, wild type or mutant
HOTAIR or SKA2 fragment using Lipofectamine 2000
(Invitrogen, USA) as the transfection reagent. Cells were
harvested 48 h after transfection for luciferase assay
using a luciferase assay kit (Promega) according to the
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All data were expressed as mean ± SD of three
independent experiments, in which each assay was
performed in triplicate. Statistical analysis was performed
using ANOVA followed by Student’s t-test. The
relationship between the expression of HOTAIR, SKA2
and miR-141 in tissues was analyzed with Pearson's
correlation. Significance was defined as P ﹤ 0.05.
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