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ABSTRACT
Glioma is the most common and aggressive primary adult brain tumor. Long 

non-coding RNAs (lncRNAs) have important roles in a variety of biological properties 
of cancers. Here, we elucidated the function and the possible molecular mechanisms 
of lncRNA HOTAIR in human glioma U87 and U251 cell lines. Quantitative RT-PCR 
demonstrated that HOTAIR expression was up-regulated in glioma tissues and cell 
lines. Knockdown of HOTAIR exerted tumor-suppressive function in glioma cells. 
Further, HOTAIR was confirmed to be the target of miR-326 and miR-326 mediated 
the tumor-suppressive effects of HOTAIR knockdown on glioma cell lines. Moreover, 
over-expressed miR-326 reduced the FGF1 expression which played an oncogenic 
role in glioma by activating PI3K/AKT and MEK 1/2 pathways. In addition, the in vivo 
studies also supported the above findings. Taken together, knockdown of HOTAIR 
up-regulated miR-326 expression, and further inducing the decreased expression 
of FGF1, these results provided a comprehensive analysis of HOTAIR-miR-326-FGF1 
axis in human glioma and provided a new potential therapeutic strategy for glioma 
treatment.

INTRODUCTION

Glioma is the most common and most aggressive 
malignant primary adult brain tumor. The cause of 
glioma is unknown and the median survival of patients 
with glioma is less than 15 months under conventional 
treatments [1, 2]. Thus, the effective methods for the 
glioma patients’ treatment are urgently needed.

Long non-coding RNAs (lncRNAs) are highly 
conservative across mammalian species. Anomalous 
expression of lncRNAs have been reported in a 
wide variety of human diseases including cancers 
[3, 4]. Additionally, lncRNAs, such as HOX 
transcript antisense intergenic RNA (HOTAIR), 
metastasis-associated lung adenocarcinoma transcript 
1 (MALAT1), prostate cancer associated non-coding 
RNA 1 (PRNCR1), prostate cancer gene expression 

marker 1 (PCGEM1) and H19 play critical roles in the 
progression of glioma [5]. However, the functions of 
lncRNAs in glioma are still partially understood [6, 7]. 
HOTAIR, a ~2.2-kb long non-coding RNA transcribed 
from the HOXC locus, is over-expressed in most solid 
cancers and is correlated with the tumor invasion, 
progression, metastasis and poor prognosis [8–12]. 
Recent report has indicated that HOTAIR primarily 
serves as a prognostic factor for glioma patient 
survival, a biomarker for identifying glioma molecular 
subtypes, as well as a critical regulator of cell cycle 
progression [13]. It could interact with polycomb 
repressive complex 2 (PRC2) to promote cell cycle 
progression in glioma [14]. These results indicated that 
HOTAIR might be an oncogene in glioma. However, its 
biological role in glioma and the underlying molecular 
mechanism remain undefined.
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Recent studies have shown that HOTAIR could 
inhibit miR-7 expression, resulting in the up-regulated 
SETDB1 expression and promoted epithelial-mesenchymal 
transition (EMT) in breast cancer stem cells [15]. In 
gallbladder cancer, HOTAIR is a c-Myc-activated driver 
of malignancy, which acts in part through repression of 
miR-130a [16]. Moreover, HOTAIR inhibits miR-34a 
expression in prostate cancer [17], miR-331-3p expression 
in gastric cancer [18] and miR-141 expression in renal 
carcinoma cells [19]. Taken together, HOTAIR plays a 
critical role in human cancers by inhibiting miRNAs.

In the present study, we aimed to investigate the 
expression and function of HOTAIR in human glioma 
cells. Moreover, the interaction among HOTAIR, miR-326 
and fibroblast growth factor 1 (FGF1) was also studied in 
order to reveal the underlying mechanisms. Our findings 
will give a new direction for the treatment of glioma 
patients.

RESULTS

Knockdown of HOTAIR inhibited the malignant 
behaviors of glioma cells

The expression levels of HOTAIR in human 
glioma tissues and cell lines were analyzed by real-time 
PCR. As shown in Figure 1A, HOTAIR expression was 
significantly up-regulated in the glioma tissues (GT) and 
two glioma cell lines compared with the surrounding non-
neoplastic tissues (ST) and normal brain tissues (NBTs), 
respectively. Furthermore, HOTAIR expression was 
positively correlated with the histopathological grades of 
gliomas.

To explore the possible biological significance 
of HOTAIR in tumorigenesis, we next evaluated the 
effects of HOTAIR inhibition on the cell proliferation, 
apoptosis, migration, invasion and cell cycle. The stable 
sh-HOTAIR U87 and U251 cell lines were used in the 
subsequent experiments. The knockdown efficiency 
of sh-HOTAIR in U87 and U251 cell lines was shown 
in Figure 1B. Our results showed that HOTAIR 
knockdown inhibited the proliferation, migration and 
invasion, promoted the apoptosis and induced the 
cell cycle arrest in G0/G1 phase (Figure 1C, 1D, 1E 
and 1F). These results indicated that the knockdown of 
HOTAIR exerted tumor-suppressive effects in human 
glioma cells.

HOTAIR was the target of miR-326

The expression of miR-326 in the human glioma 
tissues and cell lines were analyzed by real-time PCR. As 
shown in Figure 2A, miR-326 expression was significantly 
down-regulated in GT and two glioma cell lines compared 
with that in ST and NBTs, respectively. Furthermore, the 
miR-326 expression was negatively correlated with the 
histopathological grades of gliomas.

Emerging evidences have confirmed that lncRNAs 
might function as a competing endogenous RNA (ceRNA) 
or a molecular sponge in modulating miRNA [18, 20]. The 
possible miRNA binding site of HOTAIR was predicted 
by bioinformatics databases (Starbase v2.0). The miR-
326 expression in stable sh-HOTAIR cell lines was 
evaluated, and results showed that the miR-326 expression 
was significantly up-regulated (Figure 2B). To further 
investigate whether HOTAIR was a functional target of 
miR-326, dual-luciferase reporter assay was performed. 
HOTAIR was predicted to harbor one miR-326 binding 
site. Our results showed that the luciferase activity was 
significantly decreased by the co-transfection of pre-
miR-326 and HOTAIR-Wt rather than the co-transfection 
of pre-NC and HOTAIR-Wt, suggesting that HOTAIR was 
the target of miR-326. Meanwhile, co-transfection of pre-
miR-326 and HOTAIR-Mt did not change the luciferase 
activity, suggesting that the miR-326 binding site within 
HOTAIR was functional (Figure 2C). Although the 
interaction between miR-326 and HOTAIR was confirmed, 
the biological behaviors of glioma cell regulated by  
miR-326 and HOTAIR need to be well confirmed.

MiR-326 mediated the tumor-suppressive effects 
of HOTAIR knockdown on glioma cell lines

To determine whether the tumor-suppressive effects 
of HOTAIR knockdown were mediated by miR-326, we 
transfected miR-326 mimics or miR-326 inhibitors into 
the stable sh-HOTAIR cells prior to the assessment of 
cell proliferation, apoptosis, migration, invasion and cell 
cycle. The stable sh-HOTAIR cells co-transfected with 
miR-326 mimics had the strongest inhibitory effect on 
cell proliferation, migration and invasion, and the highest 
apoptotic rate and the cell cycle arrest in G0/G1 phase. 
In addition, miR-326 inhibitors rescued the inhibitory 
effect of sh-HOTAIR on cell proliferation, migration and 
invasion, and miR-326 inhibitors rescued the increased 
apoptosis and cell cycle arrest in G0/G1 phase induced 
by sh-HOTAIR (Figure 3A, 3B, 3C and 3D). Based on 
the above results, we confirmed that miR-326 mediated 
the tumor-suppressive effects of HOTAIR knockdown on 
glioma cell lines. Furthermore, knockdown of HOTAIR 
combined with miR-326 over-expression enhanced the 
tumor-suppressive effects of HOTAIR knockdown on 
glioma cell lines.

FGF1 was an oncogene in human glioma cells

FGF1 expression in human glioma tissues and 
cell lines was analyzed by Western blot. As shown 
in Figure 4A, FGF1 expression was significantly up-
regulated in GT and two glioma cell lines compared 
with that in ST and NBTs, respectively. Furthermore, 
the FGF1 expression was positively correlated with the 
histopathological grades of glioma. We then explored 
the possible biological significance of FGF1 in glioma 
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Figure 1: Effect of HOTAIR knockdown in human glioma cell lines. A. HOTAIR expression in normal brain tissues (NBTs), 
different grades of human glioma tissues (GT), the surrounding non-neoplastic tissues (ST) and U87 and U251 glioma cell lines. Data are 
presented as the mean ± SD (n = 3, each group). *P < 0.01 vs. NBTs group. #P < 0.05 vs. ST group. B. Relative expression of HOTAIR 
after cells transfected with short-hairpin RNA plasmids of HOTAIR. Data are presented as the mean ± SD (n = 5, each group). *P < 0.05 vs. 
sh-NC group. C. Effect of sh-HOTAIR on cell proliferation of U87 and U251 cells. D. Effect of sh-HOTAIR on apoptosis of U87 and U251 
cells. E. Effect of sh-HOTAIR on cell migration and invasion of U87 and U251 cells. Scale bars represent 200 μm. F. Effect of sh-HOTAIR 
on cell cycle of U87 and U251 cells. Data are presented as the mean ± SD (n = 5, each group). *P < 0.05 vs. sh-NC group.
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Figure 2: HOTAIR was the target of miR-326. A. MiR-326 expression in normal brain tissues (NBTs), different grades of human 
glioma tissues (GT), the surrounding non-neoplastic tissues (ST) and human glioma cell lines. Data are presented as the mean ± SD (n = 5, 
each group). *P < 0.01 vs. NBTs group. #P < 0.05 vs. ST group. B. Relative expression of miR-326 after cells transfected with short-hairpin 
RNA plasmids of HOTAIR. Data are presented as the mean ± SD (n = 5, each group). *P < 0.05 vs. sh-NC group. C. The predicted miR-
326 binding site of HOTAIR (HOTAIR-Wt) and the designed mutant sequence (HOTAIR-Mt) are indicated. Cells were transfected with 
HOTAIR-Wt (or HOTAIR-Mt) and the indicated miRNAs, and then the luciferase reporter assay was conducted. Data are presented as the 
mean ± SD (n = 5, each group). *P < 0.05 vs. HOTAIR-Wt + pre-NC group.
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cells, and found that FGF1 over-expression promoted cell 
proliferation, migration and invasion, as well as inhibiting 
the cell apoptosis and cell cycle arrests in G0/G1 phase 
(Figure 4B, 4C, 4D and 4E). FGF1 knockdown exhibited 
the contrary effects. Therefore, FGF1 might be one of the 
factors that were responsible for the malignancy of glioma. 
However, whether FGF1 could be regulated by miR-326 
and HOTAIR needed to be further investigated.

Knockdown of HOTAIR inhibited the FGF1 
expression by up-regulating miR-326

The expression levels of FGF1 were detected in 
the stable sh-HOTAIR U87 and U251 cell lines. Results 
showed that the knockdown of HOTAIR reduced the 
mRNA and protein expression levels of FGF1 (Figure 
5A, 5B). In addition, in the sh-HOTAIR combined with 

Figure 3: MiR-326 mediated the tumor-suppressive effects of HOTAIR knockdown on glioma cell lines. A. CCK8 assay 
to evaluate the effect of HOTAIR and miR-326 on cell proliferation in U87 and U251 cells. B. Flow cytometry analysis to evaluate the 
effect of HOTAIR and miR-326 on cell apoptosis in U87 and U251 cells. C. Quantification of cells to evaluate the effect of HOTAIR and 
miR-326 on cell migration and invasion in U87 and U251 cells. Scale bars represent 200 μm. D. Flow cytometry analysis to evaluate the 
effect of HOTAIR and miR-326 on cell cycle in U87 and U251 cells. Data are presented as the mean ± SD (n = 5, each group). *P < 0.05 
vs. sh-NC + pre-NC group.
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Figure 4: The effect of FGF1 on human glioma cell lines. A. FGF1 expression in normal brain tissues (NBTs), different grades 
of human glioma tissues (GT), the surrounding non-neoplastic tissues (ST) and human glioma cell lines. Data are presented as the mean ± 
SD (n = 3, each group). *P < 0.01 vs. NBTs group. #P < 0.05 vs. ST group. B. Effect of FGF1 on cell proliferation of U87 and U251 cells. 
C. Effect of FGF1 on apoptosis of U87 and U251 cells. D. Effect of FGF1 on cell migration and invasion of U87 and U251 cells. Scale 
bars represent 200 μm. E. Effect of FGF1 on cell cycle in U87 and U251 cells. Data are presented as the mean ± SD (n = 5, each group). 
*P < 0.05 vs. FGF1(+)-NC group, #P < 0.05 vs. FGF1(-)-NC group.
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miR-326 mimics group, the FGF1 expression was reduced 
in both mRNA and protein levels (Figure 5C, 5D). 
However, miR-326 inhibitors restored the low expression 
levels of FGF1 inducing by HOTAIR knockdown (Figure 
5C, 5D). These results suggested that HOTAIR knockdown 

inhibited the FGF1 expression by up-regulating miR-326. 
In order to clarify the molecular mechanisms responsible 
for the inhibition of FGF1 expression, U87 and U251 cell 
lines were transfected with miR-326 mimics or inhibitors 
and the expression levels of FGF1 were detected. Results 

Figure 5: Knockdown of HOTAIR inhibited the FGF1 expression by up-regulating miR-326. Effects of HOTAIR 
knockdown on the expression of FGF1 in the mRNA A. and protein levels B. Data are presented as the mean ± SD (n = 5, each group). 
*P < 0.05 vs. sh-NC group. Effects of HOTAIR and miR-326 on the expression of FGF1 in the mRNA C. and protein levels D. Data are 
presented as the mean ± SD (n = 5, each group). *P < 0.05 vs. sh-NC + pre-NC group. Effects of miR-326 on the expression of FGF1 in the 
mRNA E. and protein levels F. Data are presented as the mean ± SD (n = 5, each group). *P < 0.05 vs. pre-NC group, #P < 0.05 vs. anti-NC 
group. G. The predicted miR-326 binding sites in the 3′-UTR region of FGF1 (FGF1-Wt) and the designed mutant sequence (FGF1-Mt) 
are indicated. Cells were transfected with FGF1-Wt (or FGF1-Mt) and the indicated miRNAs, and then the Luciferase reporter assay was 
conducted. Data are presented as the mean ± SD (n = 5, each group). *P < 0.05 vs. FGF1-Wt + pre-NC group.
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showed that miR-326 mimics down-regulated the FGF1 
expression, while miR-326 inhibitors up-regulated it 
(Figure 5E, 5F). Furthermore, the luciferase reporter 
assay showed that the co-transfection of pre-miR-326 and 
FGF1-Wt strongly decreased the luciferase activity, but 
the co-transfection of pre-miR-326 and FGF1-Mt did not 
change it (Figure 5G). These results suggested that FGF1 
was a direct target of miR-326.

FGF1 mediated the tumor-suppressive effects of 
miR-326 over-expression on glioma cell lines

To determine whether the tumor-suppressive effects 
of miR-326 were mediated by FGF1, down-regulated 
FGF1 by miR-326 mimics was rescued using FGF1 prior 
to the assessment of the cell proliferation, apoptosis, 
migration, invasion and cell cycle. As shown in Figure 
6A, over-expressed miR-326 inhibited FGF1 expression 
both in mRNA and protein levels, and FGF1-ORF recued 
the inhibitory effect induced by miR-326 over-expression. 
However, FGF1-ORF-3′UTR did not recued these effects. 
These results suggested that miR-326 inhibited the FGF1 
expression by targeting its 3′-UTR in U87 and U251 
glioma cells. The following experiments showed that miR-
326 inhibited the proliferation, migration and invasion, 
induced the apoptosis and cell cycle arrest in G0/G1 
phase by targeting the 3′-UTR of FGF1 (Figure 6B, 6C, 
6D and 6E). These results indicated that miR-326 played a 
tumor-suppressive role in glioma by targeting the 3′-UTR 
of FGF1.

FGF1 activated the PI3K/AKT and MEK1/2 
signal pathways

To figure out the molecular mechanisms of FGF1 
oncogenic functions, the activities of PI3K/AKT and 
MEK1/2 signal pathways were detected in the glioma 
cell lines. Over-expressed FGF1 activated the PI3K/AKT 
and MEK1/2 signal pathways, while FGF1 knockdown 
inhibited these pathways (Figure 7A, 7B). These results 
confirmed that PI3K/AKT and MEK 1/2 signal pathways 
were involved in the FGF1 oncogenic functions.

Knockdown of HOTAIR combined with miR-326 
over-expression suppressed tumor growth and 
prolonged the survival of nude mice

As shown in Figure 8A, 8B, 8C and 8E, the tumor 
volume was smallest in the group of HOTAIR knockdown 
combined with miR-326 over-expression. In the HOTAIR 
knockdown group or the miR-326 over-expression 
group, the tumor volume was smaller than that in the 
control group, whereas the tumor volume was larger 
than that in the combined group. As shown in Figure 8D 
and 8F, the combined group had the highest survival 
rates. The HOTAIR knockdown group or the miR-326 

over-expression group had higher survival rates than the 
control group, whereas the survival rates in these two 
groups were lower than those in the combined group. 
These results suggested that knockdown of HOTAIR 
combined with miR-326 over-expression could suppress 
the tumor growth and prolonged the survival in nude mice.

As shown in Figure 8G and 8H, the expression 
levels of FGF1, p-PI3K/PI3K, p-AKT/AKT and 
p-MEK1/2/MEK1/2 were the lowest in the combined 
group and were lower in the HOTAIR knockdown or miR-
326 over-expression group than those in the control group, 
whereas they were higher than those in the combined 
group. Furthermore, we examined the expression of Ki-
67 to investigate proliferative activity and the apoptosis 
in tumors by TUNEL assay. As shown in Figure 8I, the 
number of proliferative Ki-67 positive cells was least in 
the HOTAIR knockdown combined with miR-326 over-
expression group. The number of actively proliferative 
Ki-67 positive cells in the HOTAIR knockdown group 
or the miR-326 over-expression group was less than 
the control group but more than the combined group. 
Furthermore, TUNEL analysis revealed that the combined 
group exhibited the highest rates of cell apoptosis. The 
apoptosis rate in the HOTAIR knockdown or miR-326 
over-expression group was higher than that in the control 
group, whereas the apoptosis rate was lower than that in 
the combined group (Figure 8J).

DISCUSSION

In this study, we demonstrated that HOTAIR was 
highly expressed in the glioma tissues and cell lines. 
Knockdown of HOTAIR could suppress the malignant 
behaviors of glioma cells. In addition, the HOTAIR 
knockdown could up-regulate miR-326 that were lowly 
expressed in the glioma tissues and cell lines. The further 
study showed that miR-326 played a tumor-suppressive 
role by down-regulating FGF1 in glioma cell. The 
mechanism study showed that PI3K/AKT and MEK 1/2 
signal pathways were involved in this progress. The in 
vivo study also demonstrated that knockdown of HOTAIR 
combined with miR-326 over-expression produced the 
smallest tumor and the longest survival in nude mice. 
Taken together, the HOTAIR-miR-326-FGF1 axis played 
an important role in human glioma and suggested a 
promising therapeutic target in glioma treatment.

Our present study showed that HOTAIR expression 
was up-regulated in human glioma tissues and cell lines, 
suggesting that HOTAIR may be critically involved in the 
development of glioma. Furthermore, we confirmed that 
the knockdown of HOTAIR inhibited the proliferation, 
migration and invasion, promoted the apoptosis and 
induced the cell cycle arrest in G0/G1 phase in glioma 
cells, indicating that HOTAIR played an oncogenic role 
in human glioma. Consistent with our results, HOTAIR 
is over-expressed in early and metastatic breast cancer 
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Figure 6: FGF1 mediated the tumor-suppressive effects of miR-326 over-expression on glioma cell lines. A. The 
effects of miR-326 and FGF1-ORF (or FGF1-ORF-3′UTR) on the expression of FGF1 in the mRNA and protein levels in U87 and U251 
cells. B. The effects of miR-326 and FGF1-ORF (or FGF1-ORF-3′UTR) on cell proliferation of U87 and U251 cells. C. The effects of  
miR-326 and FGF1-ORF (or FGF1-ORF-3′UTR) on apoptosis of U87 and U251 cells. D. The effects of miR-326 and FGF1-ORF (or FGF1- 
ORF-3′UTR) on cell migration and invasion of U87 and U251 cells. Scale bars represent 200 μm. E. The effects of miR-326 and FGF1-
ORF (or FGF1-ORF-3′UTR) on the cell cycle in U87 and U251 cells. Data are presented as the mean ± SD (n = 5, each group). *P < 0.05 
vs. pre-NC + FGF1-NC group, ▲P < 0.05 vs. pre-miR-326 + FGF1-NC group, #P < 0.05 vs. pre-miR-326 + FGF1-ORF group.
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cells [21], serves as a prognostic factor for glioma patient 
[13] and promotes glioblastoma cell cycle progression in 
an EZH2 dependent manner [14]. Our findings provided 
solid evidence for the HOTAIR functional role in human 
glioma. Previous study have shown that HOTAIR could 
alter histone H3 lysine 27 methylation, and increase cancer 
invasion and metastasis in a manner dependent on PRC2 
by form a complex with Polycomb repressive complex 2 
(PRC2) [21–23]. We further focused on the direct target 
of HOTAIR.

Our results showed that miR-326 had a low copy 
number in human glioma tissues and cell lines. Previous 
studies have also shown the low expression levels of miR-
326 in several cancers including colorectal cancer [24], 
multiple sclerosis [25] and glioblastoma [26]. Furthermore, 
miR-326 also acts as a prognostic indicator in human 
glioma [27]. Emerging evidence have confirmed that 
lncRNAs might function as a competing endogenous RNA 
(ceRNA) or a molecular sponge in modulating miRNA [18, 
20]. HOTAIR functions as a competing endogenous RNA 
to regulate HER2 expression by sponging miR-331-3p 
in gastric cancer [18], and is targeted and regulated by 
miR-141 in human renal carcinoma cells [19]. In addition, 
estradiol induces HOTAIR expression through the 
suppression of miR-148a in breast cancer [28]. We used 
the bioinformatics databases (Starbase v2.0) to predict the 
miRNA binding site of HOTAIR. Meanwhile, our present 
study showed that knockdown of HOTAIR increased 

miR-326 expression. Furthermore, HOTAIR was identified 
as the target of miR-326, and miR-326 mediated the tumor-
suppressive effects of HOTAIR knockdown on glioma 
cell lines. HOTAIR knockdown combined with miR-326 
over-expression suppressed the tumor growth and had high 
survival rates in nude mice. Based on the above results, 
HOTAIR knockdown combined with miR-326 over-
expression exerted the tumor-suppressive function in vivo 
and in vitro, and there was a negative interaction between 
these two factors. However, the functional role of miR-326 
in this progress was still unknown. Previous study showed 
that miR-326 acted as a tumor-suppressive factor by down-
regulating pyruvate kinase type M2 (PKM2) [26] and 
Nin one binding protein (NOB1) in human glioma [29]. 
Additionally, miR-326 inhibited the biological behaviors 
and stemness of glioma cells by targeting smoothened 
(SMO) [30]. Thus, miR-326 might have a downstream 
target that could be regulated by miR-326.

The fibroblast growth factor-1 (FGF1), a member of 
fibroblast family, could promote the repairing progress of 
vessel damaged [31]. In particular, members of FGF family 
have been shown to contribute to the tumor cell proliferation 
and resistance to chemotherapy in human pancreatic cancer 
cell lines [32, 33]. The high copy numbers of FGF1 have 
been found in prostate [34], non-small-cell lung [35], 
breast [36] and ovarian cancers [37]. In our present study, 
the FGF1 expression was up-regulated in human glioma 
tissues and cell lines. Furthermore, our study showed that 

Figure 7: FGF1 activated the PI3K/AKT and MEK1/2 signal pathways. Western blot analysis of the PI3K/AKT and MEK 1/2 
pathways regulated by FGF1 in U87 A. and U251 B. cells. Data are presented as the mean ± SD (n = 5, each group). *P < 0.05 vs. FGF1(+)-
NC group, #P < 0.05 vs. FGF1(-)-NC group.
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Figure 8: In vivo tumor xenografts study. The stable expressing cells were used for the in vivo study. A and B. The nude mice 
carrying tumors and the sample tumor from respective groups were shown. C and E. Tumor growth curves in nude mice. Tumor volume 
was calculated every five days after injection. D and F. The survival curves of nude mice injected into the right striatum (n = 15). G. FGF1 
expression from respective group. H. The activities of PI3K/AKT and MEK 1/2 pathways from respective group. I. Representative 
staining of Ki-67 (left) and quantification of relative fraction of Ki-67+ cells (right) are shown. J. Representative TUNEL staining (left) and 
quantification of fraction of TUNEL+ cells are shown (right). Data are presented as the mean ± SD (n = 5, each group). *P < 0.05 vs. control 
group, ▲P < 0.05 vs. HOTAIR(-) group, #P < 0.05 vs. miR-326(+) group.
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FGF1 played an oncogenic role in human glioma cells. 
However, whether FGF1 was involved in the tumor-
suppressive effects of HOTAIR knockdown needed to be 
further studied. Recent studies showed that miR-195 could 
suppress the expression of FGF1 in vascular smooth muscle 
cells [38], and miR-9 targeted FGF1 in midbrain-hindbrain 
boundary [39]. Our results showed that knockdown of 
HOTAIR resulted in the low mRNA and protein expression 
levels of FGF1. Moreover, miR-326 over-expression 
enhanced the effects of low FGF1 expression induced by 
HOTAIR knockdown and miR-326 inhibition reversed the 
above effects. These results indicated that the knockdown 
of HOTAIR inhibited the FGF1 expression by up-regulating 
miR-326, and the luciferase reporter assay confirmed that 
FGF1 was the direct target of miR-326. Our results further 
demonstrated that miR-326 inhibited the proliferation, 
migration and invasion, induced the apoptosis and cell cycle 
arrest in G0/G1 phase by targeting the 3′-UTR of FGF1 in 
human glioma cells.

Taken together, we found that the HOTAIR-
miR-326-FGF1 axis had an important role in human 
glioma. In brief, the miR-326 over-expression induced 
by the knockdown of HOTAIR could down-regulate the 
FGF1 expression that acted as an oncogenic factor in 
human glioma. We further investigated the molecular 
mechanisms of FGF1 oncogenic functions. Previous 
studies showed that FGF family members could target the 
fibroblast growth factor receptor (FGFR) to promote the 
tumor growth, angiogenesis and metastasis by regulating 
tumor cells, endothelial cells and pericytes [40, 41]. 
The downstream pathways of FGFR, including MAPK, 
PI3K, Ras and JNK pathways, could promote tumor 
growth and metastasis, and take part in every step of the 
tumor formation [42–46]. In A549 cells, FGF1 induced 
FGFR phosphorylation, leading to the activation of JNK 
pathway [35]. And FGF1 induced FGFR phosphorylation 
to activate PI3K and JNK, resulting in the activation of 
MMP7 and MMP6 in hepatocellular carcinoma, which 
might be the underlying mechanism in the hepatocellular 
carcinoma metastasis [47]. In this work, we showed that 
FGF1 over-expression activated the PI3K/AKT and MEK 
1/2 pathways in U87 and U251 cell lines, and knockdown 

of FGF1 exerted the opposite effects. Therefore, the 
reduced FGF1 induced by miR-326 over-expression 
could attenuate the activity of PI3K/AKT and MEK 1/2 
pathways to inhibit the malignant behaviors of glioma 
cells. In addition, the in vivo studies also supported 
the above findings. The mechanism underlying tumor 
suppressive function of human glioma cells by HOTAIR 
knockdown is schematically presented in Figure 9.

In conclusion, our study revealed that knockdown 
of HOTAIR inhibited the proliferation, cell migration and 
invasion, and promoted apoptosis and cell cycle arrest 
by up-regulating miR-326 in human glioma cells. Over-
expression of miR-326 inhibited FGF1 expression by 
targeting its 3′-UTR and further blocked the activity of 
PI3K/AKT and MEK1/2 pathways, leading to the inhibition 
of malignant behaviors of glioma cells. Therefore, the 
HOTAIR-miR-326-FGF1 axis might represent a promising 
therapeutic strategy for the treatment of human glioma.

MATERIALS AND METHODS

Human tissue samples

All the tumor tissue samples were collected from 
patients who were undergoing complete or partial surgical 
resection at the Department of Neurosurgery, Shengjing 
Hospital of China Medical University during 2013–2014. 
The tissue samples were obtained from the treatment naive 
patients. Glioma samples were divided into two groups: 
low grade (grade I–II) and high grade (grade III–IV) 
according to the WHO classification. The diagnosis of 
glioma was established histologically by two experienced 
clinical pathologists according to the WHO classification. 
Informed consent was obtained from all patients and this 
study procedure was approved by Research Ethics Board 
at the Shengjing Hospital of China Medical University.

Cell culture

The glioma cell lines (U87 and U251) and human 
embryonic kidney (HEK) 293T cells were obtained from 
Shanghai Institutes for Biological Sciences Cell Resource 

Figure 9: The cartoon of the mechanism underlying the HOTAIR-miR-326-FGF1 axis in U87 and U251 cells.
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Center and were cultured in high glucose DMEM 
supplemented with 10% fetal bovine serum (Gibco, 
Carlsbad, CA, USA). All the cells were incubated at 37°C 
in a humidified incubator with 5% CO2.

RNA extraction and real-time PCR

Total RNA was extracted from cells and tissues 
using Trizol reagent (Life Technologies Corporation, 
Carlsbad, CA, USA) according to the manufacturer’s 
instructions. The One Step SYBR® PrimeScript®PLUS 
RT-RNA PCR Kit (TaKaRa Biotechnology, Dalian, China) 
was used for the Real-Time PCR analysis to test the 
expression levels of HOTAIR. The primers are: forward: 
5′-GGCAAATGTCAGAGGGTT-3′; reverse: 5′-GTGTA 
ACAGGCAGGTGGA-3′. And the Taqman MicroRNA 
Reverse Transcription Kit and Taqman Universal 
Master Mix II with the TaqMan MicroRNA Assay of 
miR-326 and U6 (Applied Biosystems, Foster City, 
CA, USA) were used for testing the expression levels 
of miR-326 in cells and tissues. For the test of FGF1, 
RNA PCR Kit (AMV) Ver.3.0 (TaKaRa Biotechnology, 
Dalian, China) was used, and the primers are: forward: 
5′-AGGTTGGTAGTTCCCTGCTCT-3′; reverse: 5′-GGTT 
CCTTTGCCTCTGACAC-3′. The GAPDH used in this 
study for normalizing and the primers are: forward: 
5′-CGCTGAGTACGTCGTGGAGT-3′; reverse: 5′-CGTC 
AAAGGTGGAGGAGTGG-3′. Fold changes were calcul-
ated by relative quantification (2−ΔΔCt) method.

Transfection and generation of stably transfected 
cell lines

Short-hairpin RNA directed against human lncRNA 
HOTAIR was ligated into the U6/GFP/Neo plasmid 
(GenePharma, Shanghai, China) and was referred as to 
sh-HOTAIR. For the analysis of the FGF1 functions, the 
full-length FGF1 with 3′-UTR sequences and short-hairpin 
RNA directed against FGF1 were constructed in pEX-2 
and U6/GFP/Neo plasmids (GenePharma), respectively. 
And they were referred as to FGF1(+) and FGF1(-). For 
analysis of the mechanism of FGF1 regulated by miR-326, 
the full-length FGF1 with 3′-UTR sequences (or without 
3′-UTR sequences) was constructed in pEX-2 plasmids 
(GenePharma) and were referred as to FGF1-ORF-3′UTR 
(or FGF1-ORF). The lipofectamine 2000 reagent (Life 
Technologies Corporation, Carlsbad, CA, USA) was used 
for the cells transfection according to the manufacturer’s 
instructions. The plasmid carrying a non-targeting sequence 
was used as a negative control (NC) of sh-HOTAIR and 
FGF1(-) which were referred as to sh-NC and FGF1(-)-
NC. The empty plasmid was used as NC of FGF1(+) (or 
FGF1-ORF-3′UTR, FGF1-ORF) which was referred as to 
FGF1(+)-NC (or FGF1-NC). The stably transfected cells 
were selected by the culture medium containing 0.5 mg/ml 

G418 (Sigma-Aldrich, St Louis, MO, USA). After 
approximately 4 weeks, G418-resistant cell clones were 
established. MiR-326 mimics, inhibitors and their respective 
NC were synthesized (Life Technologies Corporation, 
MD, USA) and transfected into cells in the in vitro study. 
Because the highest transfection efficiency was occurred 
at 48 h, thus 72 h post-transfection was considered as the 
harvest time in the subsequent experiments.

Cell proliferation assay

Cell proliferation assays were performed using 
the Cell Counting Kit-8 (CCK8, Beyotime Institute 
of Biotechnology, Jiangsu, China) according to the 
manufacturer’s instructions. Cells were seeded into 
96-well cell culture plates with five replicate wells for each 
group, and assayed at 72 h after transfection. CCK8 was 
added into each well and incubated for another 4 h, and 
the absorbance was finally measured at the wavelength of 
450 nm.

Quantization of apoptosis by flow cytometry

The cells were harvested and were stained with 
Annexin V-APC/7-AAD (KeyGEN Biotech, Nanjing, 
China) according to the instruction of the manufacturer. 
Then the cells were acquired by flow cytometry (FACScan, 
BD Biosciences, USA) and analyzed by CELL Quest 3.0 
software.

Cell migration and invasion assay

The abilities of cell migration and invasion were 
tested using the 24-well transwell chambers with 8 μm 
pore size polycarbonate membrane (Corning, NY, USA) 
accroding to the manufacturer’s protocol. The harvested 
cells were re-suspended in serum-free medium then seeded 
in the upper chamber on the top side of membrane, or the 
upper chambers were pre-coated with Matrigel solution 
(BD, Franklin Lakes, NJ, USA) and incubated at 37°C 
for 4 h before the invasion assay started. Migrated and 
invaded cells on the lower membrane surface were fixed 
with methanol and glacial acetic acid and then stained with 
20% Giemsa solution. Five randomly fields were counted 
randomly in each well.

Cell cycle analysis

The transfected cells were harvested and then fixed 
with 500 μl of 70% cold ethanol for 2 h. The cells were 
added with 100 μl of RNase and incubated at 37°C for 
30 min. Then, 400 μl of PI was added, and the cells were 
incubated at 4°C for 30 min away from light. The samples 
were immediately subjected to flow cytometer (FACScan, 
BD Biosciences, USA). The results were analyzed using 
CELL Quest 3.0 software.



Oncotarget21947www.impactjournals.com/oncotarget

Reporter vectors constructs and luciferase 
reporter assay

The fragment from HOTAIR containing the 
predicted miR-326 binding site was amplified by PCR 
and then cloned into a pmirGlO Dual-luciferase miRNA 
Target Expression Vector (Promega, Madison, WI, USA) 
to form the reporter vector HOTAIR-wild-type 
(HOTAIR-Wt). To mutate the putative binding site 
of miR-326 in the HOTAIR, the sequence of putative 
binding site was replaced as indicated and was named 
as HOTAIR-mutated-type (HOTAIR-Mt). Similarly, the 
fragment from FGF1 3′-UTR sequences were amplified 
by PCR and cloned into a pmirGlo Dual-luciferase miRNA 
Target Expression Vector to form the reporter vector 
FGF1-wild-type (FGF1-Wt) (GenePharma). To mutate the 
putative binding site of miR-326 in the 3′-UTR-containing 
vector, the sequence of putative binding site was replaced 
as indicated and was named as FGF1-mutated-type 
(FGF1-Mt). Then the vectors and miR-326 mimics were 
co-transfected into HEK 293T cells, and the Dual-
Luciferase Reporter Assay System (Promega, Madison, 
WI, USA) were used for testing the luciferase activity.

Western blot assay

Total protein of cells were lysed using ice-cold 
RIPA buffer supplemented with protease inhibitors and 
centrifuged at 14, 000 × g 4°C for 5 min. 10 μg of total 
protein was used for Western blot analysis. Expression 
of protein was confirmed by FGF1 (rabbit, polyclonal, 
IgG1, 1:500, Santa Cruz Biotechnology, CA, USA); 
PI3K, p-PI3K (rabbit, monoclonal, IgG1, 1:1000, Santa 
Cruz Biotechnology, CA, USA); AKT, p-AKT (rabbit, 
monoclonal, IgG1, 1:1000, Santa Cruz Biotechnology, 
CA, USA); MEK 1/2, p-MEK 1/2 (rabbit, monoclonal, 
IgG1, 1:1000, Santa Cruz Biotechnology, CA, USA); 
and GAPDH (mouse, monoclonal, IgG1, 1:1000, Santa 
Cruz Biotechnology, CA, USA), followed by incubation 
with appropriate correlated HRP-conjugated secondary 
antibody. Immunoblots were visualized by enhanced 
chemiluminescence (ECL kit, Santa Cruz Biotechnology, 
CA, USA) and scanned using ChemImager 5500 
V2.03 software. The relative integrated density values 
(IDVs) were calculated by Fluorchem 2.0 software and 
normalized with GAPDH.

In vivo studies

For the in vivo study, the stably transfected cell 
lines were used. The plasmid pGCMV/EGFP/miR-326 
(GenePharma) was transfected into cells and selected 
by the culture medium containing 10 μg/ml Blasticidin 
(Life Technologies Corporation, Carlsbad, CA, USA) 
to generate miR-326 (+) stably transfected cell lines. To 
generate HOTAIR(-) + miR-326(+) stably transfected 
cell lines, the pGCMV/EGFP/miR-326 plasmids was 

transfected in HOTAIR (-) stably transfected cells and 
selected by the culture medium containing 10 μg/ml 
Blasticidin.

The 4-week old BALB/C athymic nude mice were 
obtained from Cancer Institute of the Chinese Academy of 
Medical Science. Experiments with mice were conducted 
strictly in accordance with a protocol approved by the 
Administrative Panel on Laboratory Animal Care of the 
Shengjing Hospital. For subcutaneous implantation, 
3 × 105 cells were injected subcutaneously into the flank 
area of each animal. The animals were weighed and the 
tumors were measured every five days, until 42 days post-
injection. Tumor volume was calculated according to 
the following formula: tumor volumes (mm3) = length × 
width2/2. For orthotopic tumor inoculations, 3 × 105 cells 
were injected into the right striatum of the nude mice. Mice 
were sacrificed by CO2 inhalation and death was confirmed 
by cervical dislocation if they exhibited excessive weight 
loss of 20% body weight, tumor metastasis, lethargy, or 
other signs of distress consisted with IACUC standards. 
The number of survived nude mice was recorded every 
5 days, until 60 days.

Immunohistochemistry

Tumors from subcutaneous implantation assay were 
fixed in 4% paraformaldehyde, and then were dehydrated, 
embedded in paraffin, and cut. Consecutive 4 μm thick 
sections were analyzed by immunohistochemistry using 
antibodies against Ki-67 (Bioworld Technology, Louis Park, 
MN, USA). Antigen retrieval was performed using citrate 
buffer at pH 6.0. DAB (Beyotime Institute of Biotechnology, 
Jiangsu, China) systems were used for detection.

TUNEL assay

TUNEL assay was performed using the Colori-
metric TUNEL Apoptosis Assay Kit (Beyotime Institute 
of Biotechnology, Jiangsu, China) in accordance with the 
manufacturer’s protocol. The sections were incubated 
in 3% H2O2 and incubated in the TUNEL reaction 
mixture. The sections were rinsed and visualized using 
DAB. Hematoxylin was used for counter-staining. The 
number of TUNEL-positive cells was counted in six 
fields randomly, and the apoptosis index for each field 
was calculated as the percent of TUNEL-positive cells 
relative to the total cells.

Statistical analysis

Experimental data were expressed as means ± 
standard deviation (SD). The t test or one-way analysis 
of variance (ANOVA) was used to determine statistical 
significance. All statistical analyses were performed using 
SPSS 18.0 statistical software considering P < 0.05 as 
statistically significant. Corresponding significance levels 
are indicated in the figures.



Oncotarget21948www.impactjournals.com/oncotarget

ACKNOWLEDGMENTS

This work is supported by grants from the Natural 
Science Foundation of China (81172197, 81171131, 
81272564, 81272795, 81372484, 81372682 and 81201800) 
and Shenyang Science and Technology Plan Projects (Nos. 
F13-220-9-15, F13-316-1-16, and F13-316-1-19).

REFERENCES

1. Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, 
Burger PC, Jouvet A, Scheithauer BW, Kleihues P. The 
2007 WHO classification of tumours of the central nervous 
system. Acta neuropathologica. 2007; 114:97–109.

2. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, 
Taphoorn MJ, Belanger K, Brandes AA, Marosi C, 
Bogdahn U, Curschmann J, Janzer RC, Ludwin SK, 
Gorlia T, Allgeier A, Lacombe D, et al. Radiotherapy plus 
concomitant and adjuvant temozolomide for glioblastoma. 
The New England journal of medicine. 2005; 352:987–996.

3. Song H, Sun W, Ye G, Ding X, Liu Z, Zhang S, Xia T, 
Xiao B, Xi Y, Guo J. Long non-coding RNA expression 
profile in human gastric cancer and its clinical significances. 
Journal of translational medicine. 2013; 11:225.

4. Tong YS, Wang XW, Zhou XL, Liu ZH, Yang TX, 
Shi WH, Xie HW, Lv J, Wu QQ, Cao XF. Identification 
of the long non-coding RNA POU3F3 in plasma as a novel 
biomarker for diagnosis of esophageal squamous cell 
 carcinoma. Molecular cancer. 2015; 14:3.

5. Park JY, Lee JE, Park JB, Yoo H, Lee SH, Kim JH. Roles 
of Long Non-Coding RNAs on Tumorigenesis and Glioma 
Development. Brain tumor research and treatment. 2014; 
2:1–6.

6. Guttman M, Amit I, Garber M, French C, Lin MF, 
Feldser D, Huarte M, Zuk O, Carey BW, Cassady JP, 
Cabili MN, Jaenisch R, Mikkelsen TS, Jacks T, Hacohen N, 
Bernstein BE, et al. Chromatin signature reveals over a 
thousand highly conserved large non-coding RNAs in 
 mammals. Nature. 2009; 458:223–227.

7. Mattick JS. The genetic signatures of noncoding RNAs. 
PLoS genetics. 2009; 5:e1000459.

8. Rinn JL, Kertesz M, Wang JK, Squazzo SL, Xu X, 
Brugmann SA, Goodnough LH, Helms JA, Farnham PJ, 
Segal E, Chang HY. Functional demarcation of active and 
silent chromatin domains in human HOX loci by noncoding 
RNAs. Cell. 2007; 129:1311–1323.

9. Li JT, Wang LF, Zhao YL, Yang T, Li W, Zhao J, Yu F, 
Wang L, Meng YL, Liu NN, Zhu XS, Gao CF, Jia LT, 
Yang AG. Nuclear factor of activated T cells 5 main-
tained by Hotair suppression of miR-568 upregulates 
S100  calcium binding protein A4 to promote breast cancer 
 metastasis. Breast cancer research: BCR. 2014; 16:454.

10. Huang L, Liao LM, Liu AW, Wu JB, Cheng XL, Lin JX, 
Zheng M. Overexpression of long noncoding RNA 

HOTAIR predicts a poor prognosis in patients with  cervical 
cancer. Archives of gynecology and obstetrics. 2014; 
290:717–723.

11. Kim K, Jutooru I, Chadalapaka G, Johnson G, Frank J, 
Burghardt R, Kim S, Safe S. HOTAIR is a negative 
 prognostic factor and exhibits pro-oncogenic activity in 
pancreatic cancer. Oncogene. 2013; 32:1616–1625.

12. Kogo R, Shimamura T, Mimori K, Kawahara K, Imoto S, 
Sudo T, Tanaka F, Shibata K, Suzuki A, Komune S, 
Miyano S, Mori M. Long noncoding RNA HOTAIR regu-
lates polycomb-dependent chromatin modification and is 
associated with poor prognosis in colorectal cancers. Cancer 
research. 2011; 71:6320–6326.

13. Zhang JX, Han L, Bao ZS, Wang YY, Chen LY, Yan W, 
Yu SZ, Pu PY, Liu N, You YP, Jiang T, Kang CS, Chinese 
Glioma Cooperative G. HOTAIR, a cell cycle-associated 
long noncoding RNA and a strong predictor of survival, 
is preferentially expressed in classical and mesenchymal 
glioma. Neuro-oncology. 2013; 15:1595–1603.

14. Zhang K, Sun X, Zhou X, Han L, Chen L, Shi Z, Zhang A, 
Ye M, Wang Q, Liu C, Wei J, Ren Y, Yang J, Zhang J, 
Pu P, Li M, et al. Long non-coding RNA HOTAIR pro-
motes glioblastoma cell cycle progression in an EZH2 
dependent manner. Oncotarget. 2014.

15. Zhang H, Cai K, Wang J, Wang X, Cheng K, Shi F, Jiang L, 
Zhang Y, Dou J. MiR-7, inhibited indirectly by lincRNA 
HOTAIR, directly inhibits SETDB1 and reverses the EMT 
of breast cancer stem cells by downregulating the STAT3 
pathway. Stem cells. 2014; 32:2858–2868.

16. Ma MZ, Li CX, Zhang Y, Weng MZ, Zhang MD, Qin YY, 
Gong W, Quan ZW. Long non-coding RNA HOTAIR, a c-Myc 
activated driver of malignancy, negatively regulates miRNA-
130a in gallbladder cancer. Molecular cancer. 2014; 13:156.

17. Chiyomaru T, Yamamura S, Fukuhara S, Yoshino H, 
Kinoshita T, Majid S, Saini S, Chang I, Tanaka Y, 
Enokida H, Seki N, Nakagawa M, Dahiya R. Genistein 
inhibits prostate cancer cell growth by targeting miR-34a 
and oncogenic HOTAIR. PloS one. 2013; 8:e70372.

18. Liu XH, Sun M, Nie FQ, Ge YB, Zhang EB, Yin DD, 
Kong R, Xia R, Lu KH, Li JH, De W, Wang KM, Wang ZX. 
Lnc RNA HOTAIR functions as a competing endogenous 
RNA to regulate HER2 expression by sponging miR-331-3p 
in gastric cancer. Molecular cancer. 2014; 13:92.

19. Chiyomaru T, Fukuhara S, Saini S, Majid S, Deng G, 
Shahryari V, Chang I, Tanaka Y, Enokida H, Nakagawa M, 
Dahiya R, Yamamura S. Long non-coding RNA HOTAIR 
is targeted and regulated by miR-141 in human cancer cells. 
The Journal of biological chemistry. 2014; 289:12550–12565.

20. Karreth FA, Pandolfi PP. ceRNA cross-talk in cancer: 
when ce-bling rivalries go awry. Cancer discovery. 2013; 
3:1113–1121.

21. Gupta RA, Shah N, Wang KC, Kim J, Horlings HM, 
Wong DJ, Tsai MC, Hung T, Argani P, Rinn JL, Wang Y, 
Brzoska P, Kong B, Li R, West RB, van de Vijver MJ, et al. 



Oncotarget21949www.impactjournals.com/oncotarget

Long non-coding RNA HOTAIR reprograms  chromatin state 
to promote cancer metastasis. Nature. 2010; 464:1071–1076.

22. Yao Y, Li J, Wang L. Large intervening non-coding RNA 
HOTAIR is an indicator of poor prognosis and a therapeutic 
target in human cancers. International journal of molecular 
sciences. 2014; 15:18985–18999.

23. Cai B, Song XQ, Cai JP, Zhang S. HOTAIR: a cancer-related 
long non-coding RNA. Neoplasma. 2014; 61:379–391.

24. Kou Y, Qiao L, Wang Q. Identification of core miRNA 
based on small RNA-seq and RNA-seq for colorectal can-
cer by bioinformatics. Tumour biology: the journal of the 
International Society for Oncodevelopmental Biology and 
Medicine. 2015; 36:2249–2255.

25. Junker A, Hohlfeld R, Meinl E. The emerging role 
of microRNAs in multiple sclerosis. Nature reviews 
Neurology. 2011; 7:56–59.

26. Kefas B, Comeau L, Erdle N, Montgomery E, Amos S, 
Purow B. Pyruvate kinase M2 is a target of the tumor-
suppressive microRNA-326 and regulates the survival of 
glioma cells. Neuro-oncology. 2010; 12:1102–1112.

27. Qiu S, Lin S, Hu D, Feng Y, Tan Y, Peng Y. Interactions of 
miR-323/miR-326/miR-329 and miR-130a/miR-155/miR-
210 as prognostic indicators for clinical outcome of glioblas-
toma patients. Journal of translational medicine. 2013; 11:10.

28. Tao S, He H, Chen Q. Estradiol induces HOTAIR levels 
via GPER-mediated miR-148a inhibition in breast cancer. 
Journal of translational medicine. 2015; 13:131.

29. Zhou J, Xu T, Yan Y, Qin R, Wang H, Zhang X, Huang Y, 
Wang Y, Lu Y, Fu D, Chen J. MicroRNA-326 functions as 
a tumor suppressor in glioma by targeting the Nin one bind-
ing protein (NOB1). PloS one. 2013; 8:e68469.

30. Du W, Liu X, Chen L, Dou Z, Lei X, Chang L, Cai J, 
Cui Y, Yang D, Sun Y, Li Y, Jiang C. Targeting the SMO 
oncogene by miR-326 inhibits glioma biological behaviors 
and stemness. Neuro-oncology. 2015; 17:243–253.

31. Uriel S, Brey EM, Greisler HP. Sustained low levels of fibro-
blast growth factor-1 promote persistent microvascular network 
formation. American journal of surgery. 2006; 192:604–609.

32. Nomura S, Yoshitomi H, Takano S, Shida T, Kobayashi S, 
Ohtsuka M, Kimura F, Shimizu H, Yoshidome H, Kato A, 
Miyazaki M. FGF10/FGFR2 signal induces cell migration 
and invasion in pancreatic cancer. British journal of cancer. 
2008; 99:305–313.

33. El-Hariry I, Pignatelli M, Lemoine NR. FGF-1 and FGF-2 
regulate the expression of E-cadherin and catenins in pan-
creatic adenocarcinoma. International journal of cancer 
Journal international du cancer. 2001; 94:652–661.

34. Kwabi-Addo B, Ozen M, Ittmann M. The role of fibro-
blast growth factors and their receptors in prostate cancer. 
Endocrine-related cancer. 2004; 11:709–724.

35. Zhao D, Lu Y, Yang C, Zhou X, Xu Z. Activation of FGF 
receptor signaling promotes invasion of non-small-cell lung 
cancer. Tumour biology: the journal of the International 

Society for Oncodevelopmental Biology and Medicine. 2015; 
36:3637–3642.

36. Zubor P, Hatok J, Moricova P, Kajo K, Kapustova I, 
Mendelova A, Racay P, Danko J. Gene expression abnor-
malities in histologically normal breast epithelium from 
patients with luminal type of breast cancer. Molecular 
 biology reports. 2015; 42:977–988.

37. King ML, Lindberg ME, Stodden GR, Okuda H, Ebers SD, 
Johnson A, Montag A, Lengyel E, MacLean Ii JA, 
Hayashi K. WNT7A/beta-catenin signaling induces FGF1 
and influences sensitivity to niclosamide in ovarian cancer. 
Oncogene. 2015; 34:3452–3462.

38. Wang YS, Wang HY, Liao YC, Tsai PC, Chen KC, 
Cheng HY, Lin RT, Juo SH. MicroRNA-1 regulates vascu-
lar smooth muscle cell phenotype and prevents neointimal 
formation. Cardiovascular research. 2012; 95:517–526.

39. Coolen M, Bally-Cuif L. [A microRNA as a gatekeeper of 
the midbrain-hindbrain boundary]. Medecine sciences: M/S. 
2008; 24:787–789.

40. Taeger J, Moser C, Hellerbrand C, Mycielska ME, 
Glockzin G, Schlitt HJ, Geissler EK, Stoeltzing O, 
Lang SA. Targeting FGFR/PDGFR/VEGFR impairs tumor 
growth, angiogenesis, and metastasis by effects on tumor 
cells, endothelial cells, and pericytes in pancreatic cancer. 
Molecular cancer therapeutics. 2011; 10:2157–2167.

41. Itoh N, Ornitz DM. Fibroblast growth factors: from molec-
ular evolution to roles in development, metabolism and 
 disease. Journal of biochemistry. 2011; 149:121–130.

42. King IF, Eddison M, Kaun KR, Heberlein U. EGFR and 
FGFR pathways have distinct roles in Drosophila mush-
room body development and ethanol-induced behavior. 
PloS one. 2014; 9:e87714.

43. Hasse C, Holz O, Lange E, Pisowodzki L, Rebscher N, 
Christin Eder M, Hobmayer B, Hassel M. FGFR-ERK 
signaling is an essential component of tissue separation. 
Developmental biology. 2014; 395:154–166.

44. Hadari YR, Gotoh N, Kouhara H, Lax I, Schlessinger J. 
Critical role for the docking-protein FRS2 alpha in 
FGF receptor-mediated signal transduction pathways. 
Proceedings of the National Academy of Sciences of the 
United States of America. 2001; 98:8578–8583.

45. Kouhara H, Hadari YR, Spivak-Kroizman T, Schilling J, 
Bar-Sagi D, Lax I, Schlessinger J. A lipid-anchored Grb2-
binding protein that links FGF-receptor activation to the 
Ras/MAPK signaling pathway. Cell. 1997; 89:693–702.

46. O’Neill EM, Rebay I, Tjian R, Rubin GM. The activities of 
two Ets-related transcription factors required for Drosophila 
eye development are modulated by the Ras/MAPK path-
way. Cell. 1994; 78:137–147.

47. Wang J, Su H, Han X, Xu K. Inhibition of fibroblast growth 
factor receptor signaling impairs metastasis of hepato-
cellular carcinoma. Tumour biology: the journal of the 
International Society for Oncodevelopmental Biology and 
Medicine. 2014; 35:11005–11011.


