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miR-340 predicts glioblastoma survival and modulates key
cancer hallmarks through down-regulation of NRAS
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ABSTRACT

Glioblastoma is the most common primary brain tumor in adults; with a survival
rate of 12 months from diagnosis. However, a small subgroup of patients, termed
long-term survivors (LTS), has a survival rate longer then 12-14 months. There
is thus increasing interest in the identification of molecular signatures predicting
glioblastoma prognosis and in how to improve the therapeutic approach. Here, we
report miR-340 as prognostic tumor-suppressor microRNA for glioblastoma. We
analyzed microRNA expression in > 500 glioblastoma patients and found that although
miR-340 is strongly down-regulated in glioblastoma overall, it is up-regulated in
LTS patients compared to short-term survivors (STS). Indeed, miR-340 expression
predicted better prognosis in glioblastoma patients. Coherently, overexpression of
miR-340 in glioblastoma cells was found to produce a tumor-suppressive activity.
We identified NRAS mRNA as a critical, direct target of miR-340: in fact, miR-340
negatively influenced multiple aspects of glioblastoma tumorigenesis by down-
regulating NRAS and downstream AKT and ERK pathways. Thus, we demonstrate that
expression of miR-340 in glioblastoma is responsible for a strong tumor-suppressive
effect in LTS patients by down-regulating NRAS. miR-340 may thus represent a novel
marker for glioblastoma diagnosis and prognosis, and may be developed into a tool
to improve treatment of glioblastoma.

Published: January 21, 2016

INTRODUCTION have an extremely poor prognosis, with a median survival
rate from diagnosis ranging from 12 to 14 months [4, 5].
Different factors are involved in GBM aggressiveness and
poor prognosis, such as rapid cell proliferation, resistance
to drug-induced apoptosis and enhanced invasiveness.

Nevertheless, a small subset of patients presents a

Malignant glioma (glioblastoma or GBM) is the
most common and aggressive primary brain tumor
[1, 2]. Despite continuous improvement in treatment
approaches, with a combination of surgery, radiotherapy

and chemotherapy, average survival of GBM patients has
improved only slightly [3]. In fact, GBM patients tend to

better outcome, surviving longer than 14 months: these
patients are termed long-term survivors (LTS) [4]. The
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molecular events associated with the LTS phenotype are
not well elucidated. Better understanding of these events
would be critical for the development of early detection
methods, identification of new biomarkers, and improved
therapeutic approaches.

MicroRNAs (miRNAs or miRs) are a class of
evolutionary conserved small non-coding RNAs that have
great impact on a wide spectrum of biological processes.
miRNAs act by affecting gene expression at the post-
transcriptional level [6]. Many studies have demonstrated
a pivotal role for miRNAs in tumorigenesis, acting
both as oncogenes or tumor suppressors [7—10]. During
tumor initiation and progression, miRNAs may modulate
proliferation, angiogenesis, invasion and survival [11].
Deregulation of miRNA expression has been found in
many human cancers, including GBM [12-15].

NRAS is a member of the RAS oncogene family
(which comprises KRAS, HRAS and NRAS); they encode
small GTPases involved in cellular signal transduction.
RAS is activated by a complex signal cascade and, in
turn, triggers downstream signaling pathways such as the
mitogen-activate protein kinases (MAPKs) pathway and
the phosphatidylinositol 3-kinase (PI3K)/AKT pathway,
to modulate cell growth and survival [16]. Various studies
have demonstrated recurrent aberrant NRAS activation
in GBM [17]. Recently, several miRNAs —such as miR-
181d, let-7 and miR-143— have been reported to suppress
RAS expression, and thus act as tumor suppressors; this
suggests that the dysregulation of miRNAs targeting NRAS
may have an important role in carcinogenesis [8, 18-20].

For the present study, we investigated differential
miRNA expression in long- and short-term GBM
survivors. We identified miR-340 as a novel tumor
suppressor miRNA that is up-regulated in LTS patients
and predictive of better prognosis. Furthermore, we
describe the oncosuppressive mechanisms induced by
this miRNA: its ability to directly target NRAS, and thus
silence downstream pathways, contributed in the blunting
of the tumorigenic behavior of GBM cells.

RESULTS

miR-340 expression correlates with survival in
GBM patients

To identify miRNAs de-regulated in long- vs short-
term GBM survivors, we profiled the miRNA signatures
of primary GBM tissue harvested from 3 LTS and 3 STS
patients. The analysis was performed with a microarray
chip containing 1150 miRNA probes, including 326
human and 249 mouse miRNAs, spotted in duplicate.
Data obtained indicated that seven miRNAs (namely
miR-193b, -340, -19b, -20a-b, -219-5p, -137 and -129-
3p) were significantly de-regulated (> 1.5-fold change) in
LTS vs STS GBM patients (Supplementary Table 1). We

decided to focus our attention on miR-340, because we
and others have already demonstrated the oncosuppressive
role of this miRNA in different human tumors [21-27].
Accordingly with microarray data, qRT-PCR for miR-
340 confirmed that it was up-regulated in LTS patients
(Supplementary Figure 1A).

We then analyzed miR-340 expression in a larger
cohort of glioblastoma patients (n = 61), as well as in data
collected from TCGA database (491 glioblastomas and 10
normal brain samples). As expected, miR-340 expression
was significantly decreased in STS compared to LTS
(»p < 0.05; Figure 1A, 1B), and in GBM compared to
normal brain (p < 0.001; Figure 1C). Furthermore, Log-
Rank analysis of two different cohorts of GBM patients
(43 GBM patients from our hospital and 327 from TCGA)
indicated that patients with higher levels of miR-340 had
longer overall survival, suggestive of a prognostic role of
miR-340 (p < 0.05; p <0.01). The Kaplan-Meier curves of
the patient cohorts are given in Figure 1D-1E. Interestingly,
higher levels of RNF130, the host gene of miR-340, was
also predictive of a better prognosis in GBM patients
(p <0.05; figlf, data from R2.aml database). Finally, we
found that miR-340 expression did not correlate with
different glioma tumor stages (Supplementary Figure 1B)
and with MGMT methylation status (Supplementary
Figure 1C).

NRAS mRNA is a direct target of miR-340

To identify possible miR-340 targets involved in
the LTS phenotype, we parsed bioinformatics databases
(Targetscan, Miranda, Pictar). We found the presence of
two distinct putative miR-340 binding sites on the 3'UTR
of NRAS mRNA (Figure 2A). To assess if miR-340
directly bound to these two putative regions, we cloned
them individually downstream of a luciferase reporter gene
in the pGL3 vector. A549 NSCLC cells (expressing low
endogenous level of miR-340) [25] were co-transfected
with the reporter plasmids singularly or in combination,
in the presence of either miR-340 or a control miRNA
(scrambled). Luciferase activity of both reporters was
repressed by the addition of miR-340 (Figure 2B);
moreover, the effect was greater in cells co-transfected
with both reporters, indicating that the two NRAS 3'UTR
sites acted synergistically. Luciferase activity was not
affected by miR-340 overexpression in the presence of
mutant constructs, in which the seed sequences were
cloned inversely (Figure 2A-2B).

To establish a causative effect between miR-340 and
NRAS, we transfected different GBM cell lines (U251MG,
U87MG and AM38 cells) with miR-340 and analyzed
NRAS levels with qRT-PCR and Western blotting. We
chose these three cell lines because they express low
levels of miR-340, as assessed by qRT-PCR on a panel of
11 different GBM cell lines (Supplementary Figure 1D).

www.impactjournals.com/oncotarget

19532

Oncotarget



>
os)

— p=0,0033

0.08 9
2 p=0,0374 Z —_
2 2
= 0.06 — > 84 —_
E =
= 5
) )
- 0.04- o 7
S 2
2 2
% 0.02 | % 61
£ I 1 E
0.00 ; ! 5 : T
Short Long Short Long
(n=36) (n=25) (n=172) (n=180)
10 4
P<0.0001
3 l
2 94 o
:
ERE
=
2
2 64
S T T
Normal GBM
(n=10) {n=451)
100 4 100

‘- High miR340 level (n=16)
—— Low miR340 level (n=27)

:

50 L

0 ‘ ———e .

~+— High miR340 level (n=140)
== Low miR340 level (n=187)

Percent survival

Percent survival
w1
=)
1

T T 1 0 T I T T : ‘—l
0 10 20 30 0 20 40 60 80 100
Months elapsed Months elapsed

HighRNF130 level (n=347)
Low RNF130 level (n=30)

——
..... n . . =
= s =~ RS
Follow up n months

Figure 1: miR-340 is down-regulated in GBM and correlates with GBM prognosis. miR-340 expression was evaluated using
three independent patient cohorts (A) FFPE tissue from 36 LTS and 25 STS GBM patients; (B) 180 LTS and 172 STS GBM patients from
TCGA database; (C) 10 normal brain specimens and 491 GBM tissues from TCGA database. A significant increase in miR-340 expression
was identified between LTS vs STS in both cohorts and in normal brain vs GBM tissue. miR-340 expression was assessed by Real-Time
PCR and normalized against U6. An arbitrary cut-off of 12 months was used to divide LTS and STS patients. Statistical significance was
calculated using Student’s #-test. P < 0.05 was considered significant. (D, E), Kaplan-Meier survival curve analysis of the correlation
between miR-340 and overall survival of: (D) the FFPE tissues from 16 highly and 27 poorly miR-340-expressing glioblastoma patients; (E)
140 highly and 187 poorly miR-340-expressing glioblastoma patients collected from TCGA database. High miR-340 expression predicted
a better prognosis in both cohorts. The patients were assigned to the high or low miR-340-expressing group using the media as a threshold.
P was calculated using Log-Rank test. P < 0.05 was considered significant. (F) Kaplan-Meier survival curve analysis of the correlation
between RNF-130 and overall survival of 347 highly and 30 poorly RNF-130-expressing glioblastoma patients from the R2.aml database.
High RNF-130 expression predicted a better prognosis. P was calculated using Log-Rank test. P < 0.05 was considered significant.
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We found a consistent, strong decrease in NRAS mRNA
and protein in all cell lines transfected (Figure 2C-2D). In
contrast, anti-miR-340 induced an increase in NRAS levels
in T98G cells (Figure 2C-2D). Interestingly, miR-340
overexpression was also able to decrease NRAS protein
levels in three different breast cancer cell lines (BT-549,
MDA-MB-231, MCF7; Figure 2E) and two NSCLC cell
lines (A549, Calu-1; Figure 2F). Furthermore, to test the
ability of miR-340 to specifically target NRAS mRNA,
we verified that both sequences binding this miRNA
were not conserved in KRAS or HRAS 3'UTRs (data not
shown); coherently, miR-340 overexpression did not
decrease KRAS or HRAS mRNA levels in GBM cells
(Supplementary Figure 2A-2B).

Effects of miR-340 in GBM cell lines

We investigated the tumor suppressive role of miR-
340 in different GBM cell lines (U251MG, U87MG and
AM38 cells) transfected with either miR-340 or a control
miRNA. We analyzed the effects of miR-340 on cell
cycle, cell proliferation and soft agar growth. miR-340
transfection induced a significant S-phase block, as
assessed by FACS analysis after PI staining (Figure 3A,
plots for qualitative data analysis are reported in
Supplementary Figure 3A), and a significant decrease
in cell proliferation, as assessed by BrdU incorporation
(Figure 3B; plots for qualitative data analysis are reported in
Supplementary Figure 4A) and MTT assay (Figure 3C-3E).
In contrast, expression of anti-miR-340 in T98G cells
increased cell proliferation 72 h after transfection (Figure 3E).
We next investigated whether miR-340 expression had an
impact on anchorage-independent cell growth with a soft
agar assay. We found that miR-340 induced a reduction in
colony formation in U251MG, U87MG and AM38 cells
(Figure 3F). These results clearly demonstrate that miR-340
acts as tumor suppressor in GBM by blunting cell cycle,
proliferation and anchorage-independent cell growth.

miR-340 sensitizes GBM cells to TMZ

Because adjuvant chemotherapy with temozolomide
is limited by the action of O-6-methylguanine-DNA
methyltransferase (MGMT), a contributing factor for very
poor survival in GBM patients [28], we investigated a
possible role of miR-340 in TMZ sensitivity. MTT and
Caspase 3/7 assays showed that miR-340 induced an
increase in sensitivity to TMZ in all the cells analyzed
(Figure 4A, 4B). Coherently, miR-340 overexpression
determined an increase of apoptosis in GBM cells,
as assessed by PARP cleavage (Figure 4C) as well as
Annexin V assay (Figure 4D, plots for qualitative data
analysis are reported in Supplementary Figure 5A). These
results suggest that miR-340 expression contributes to
the establishment of a LTS phenotype by enhancing the
response of GBM patients to alkylating drugs.

NRAS:" a key target molecule of miR-340-
mediated effects

NRAS is a key oncogene deregulated in many human
cancers [16, 17, 29-31]. To demonstrate a causative
link between miR-340 and NRAS, we performed rescue
experiments, transfecting U251MG cells with miR-340
and with a construct expressing NRAS mRNA lacking
the 3'UTR. Levels of transfected NRAS were detected
by Western blotting (data not shown). Interestingly,
expression of this NRAS counteracted the effects of
miR-340 overexpression on proliferation (Figure 5SA-5B;
plots for qualitative data analysis are reported in
Supplementary Figure 4B), cell cycle (Figure 5C; plots
for qualitative data analysis are reported in Supplementary
Figure 3B) and anchorage-independent cell growth (Figure
5D). Coherently, NRAS knock-down with a specific NRAS
siRNA mimicked the effects of miR-340 overexpression,
blocking cell cycle (Figure SE; plots for qualitative data
analysis are reported in Supplementary Figure 3C),
decreasing the phosphorylation of ERK and AKT kinases
(Figure 5F), and reducing proliferation (Figure 5G).

We then analyzed NRAS expression in a cohort of 39
GBM patients: we found that NRAS was down-regulated in
LTS vs STS patients (p < 0.05, Supplementary Figure 6A).
Moreover, NRAS expression was higher in 542 GBM
samples compared to 10 normal brain specimens (data
collected from the oncomine database; p < 0.001;
Supplementary Figure 6B). Furthermore, Log-Rank
analysis of 28 GBM patients showed that those with
higher levels of NRAS had shorter overall survival
(Supplementary Figure 6C). This finding was confirmed
by data from the R2.aml database (504 tissues; p < 0.05;
Supplementary Figure 6D). In conclusion, the anti-tumoral
effects of miR-340 seem, at least in part, to be mediated by
its targeting of NRAS.

Recently, miR-340 was reported to directly target
two important oncogenes, SKP2 and ROCK 1, respectively
in lung cancer and in osteosarcoma [22, 25, 26]. We found
that miR-340 decreased the expression of both these
oncogenes in three different GBM cell lines, suggesting
that miR-340 may affect GBM tumorigenesis also by
targeting other mRNAs (Supplementary Figure 7A).

miR-340 blocks cell cycle and cell proliferation
via inhibition of signaling pathways downstream
from NRAS

AKT and ERKI1/2 pathways act as major
downstream signals of RAS, promoting multiple
oncogenic features of RAS, such as cell proliferation
and apoptosis resistance. We assessed the levels of
phosphorylated (activated) forms of AKT and ERK1/2
(p-AKT and p-ERK1/2) by Western blotting in
glioblastoma cells transfected with miR-340 or a control
scrambled sequence. miR-340 drastically reduced p-AKT
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Figure 2: miR-340 targets NRAS. (A) Predicted miR-340 binding sites on 2 sites on NRAS-3'UTR (3'UTR NRAS R1 and 3'UTR
NRAS R2) found with the MIRANDA algorithm (www.microrna.org) and the designed mutant sequences (3'UTR NRAS RImut and
3'UTR NRAS R2mut). (B) NRAS luciferase constructs containing wild-type or mutated NRAS-3'UTR-R1 or -R2, were co-transfected alone
or in combination with miR-340 or a scrambled miRNA in A549 cells. Luciferase activity was measured 24 h after transfection. Reporter
activities of cells co-transfected with the scrambled miRNA sequence have been arbitrarily set as 100. The results were obtained from three
independent experiments and are presented as mean + SD. In (B) P was calculated using ANOVA and adjusted for multiple comparisons
with Bonferroni’s post hoc testing. *p <0.05; **p <0.01; ***p <0.001 (over Scr). Glioblastoma cell lines (U251MG, U87MG and AM38),
breast cancer cell lines (BT-549, MDA-MB-231 and MCF7), and NSCLC cell lines (A549 and Calu-1) were transfected with a scrambled
miRNA sequence and miR-340, or with a scrambled anti-miR-340 sequence and anti-miR-340 in T98G cells for 72 h. Real-time PCR
(C) and Western blotting (D-F) were performed to analyze NRAS mRNA and protein levels. Western blot analyses are from representative
experiments. Actin was used as loading control. The experiments were repeated at least three times. In (C) the results are presented as
mean + SD. P was calculated using Student’s #-test. *p < 0.05; **p <0.01.
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and p-ERK1/2 levels in U251MG, U87MG and AM38 comprehensive analysis of the AKT and ERK pathways,

cells (Figure 6A). In contrast, transfection with anti- we found that miR-340 overexpression decreased the
miR-340 induced an increase in p-AKT and p-ERK1/2 in phosphorylation of other kinases of both AKT (mTOR,
T98G cells (Figure 6A). Interestingly, performing a more GSK3p), and ERK pathway (ELK) (Figure 6B).
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Figure 3: miR-340’s effects in glioblastoma cells. Glioblastoma cell lines (U251MG, U87MG and AM38) were transfected with
miR-340 or with a control scrambled miRNA sequence. We then analyzed: (A) cell cycle by flow cytometry after propidium iodide staining
72 h after transfection; (B) cell proliferation by BrdU incorporation assay, 3 days after transfection; (C—E) cell proliferation by MTT
assay, 1, 3, 5 and 7 days after transfection (3 days for AM38); (F) anchorage-independent cell growth by Soft Agar assay, 14 days after
transfection. (E) T98G cells were transfected with anti-miR-340 or a control with scrambled anti-miRNA sequence and cell proliferation
analyzed with MTT 3 days after transfection. miR-340 overexpression blocked cell cycle and decreased cell proliferation and anchorage-
independent cell growth. The data are representative of three independent experiments. Data are mean values + SD from three independent
experiments. P was calculated using Student’s #-test. *p < 0.05; **p < 0.01; ***p < (0.001.
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Next, we wondered whether miR-340-mediated downstream of NRAS. To this aim, we transfected
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ERK1 (ERK") for 48 h, either alone or in combination.
Levels of transfected AKT" and ERK" were assessed
by Western blotting (data not shown). AKT" and ERK*
were individually able to partially counter the effects of

miR-340 on cell cycle (Figure 7A; plots for qualitative
data analysis are reported in Supplementary Figure 3D),
proliferation (Figure 7B), and anchorage independent cell
growth (Figure 7C); the effects were greater when AKT*
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(E) decreased the phosphorylation of AKT and ERK (F) and reproduced the block of proliferation induced by miR-340 transfection (G).
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and ERK" were co-transfected (Figure 7A—7C). These
results further support the notion that miR-340 acts as a
tumor suppressor in GBM by targeting NRAS and, hence,
blunting downstream AKT and ERK1/2 pathways.

Overexpression of miR-340 inhibits GBM
growth in vivo

To analyze the possible role of miR-340 in GBM
tumorigenesis, we assessed the effects of miR-340
overexpression on tumor growth in vivo. To this end,
we stably infected U251MG cells with a lentiviral
construct expressing either miR-340 or control sequence
(Supplementary Figure 8A—8B). In accordance with
previous data, miR-340 stable infected cells showed
a reduction of proliferation and a block of cell cycle
(Supplementary Figure 8C-8D). These cells were

subcutaneously injected into the left flank (2 x 10° cells
per flank) of CD1 nude mice (n = 6 animals per group).
Tumor volume and vessel formation were measured
weekly by HFUS and color-doppler HFUS for 3 weeks.
Tumor volume and vessel formation generated by
miR-340-expressing  U251MG  xenografts = were
significantly less compared to those of control xenografts
(Figure 8A, 8B). Coherently, Ki67 staining of tumor
sections indicated a decrease of cell proliferation in miR-
340-expressing U251MG xenografts (Figure 8C).

DISCUSSION

GBM is one of the most aggressive types of
human cancer and the most lethal form in the brain. It is
characterized by extremely bad prognosis, with a median
survival rate of only 12 months from diagnosis [2].
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Figure 6: miR-340 overexpression decrease the activation of molecular pathways downstream NRAS. Glioblastoma cell
lines (U251MG, U87MG and AM38) were transfected with a scrambled miRNA sequence or miR-340, or with a scrambled anti miRNA
sequence or anti miR-340, in T98G cells, for 72 h. Western blotting was performed to analyze pAKT and pERK1/2 (A) and pmTOR,
pGSK3p, and pELK protein levels (B) Western blot analyses are representative experiments. Actin was used as the loading control. The

experiments were repeated at least three times.
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Interestingly, a small subgroup of patients survives longer.
Better understanding of the specific molecular features
underlying this LTS phenotype may lead to improved
diagnosis, prognosis, treatment and, ultimately, survival of
GBM patients [4]. At present, several molecular markers
have been correlated to GBM prognosis, but they need
further validation before they can be used in the clinical
setting [28]. However, despite great effort over the last
years, the cellular and molecular features of LTS have not
been properly elucidated.

In the last decade, microRNAs have been frequently
found deregulated in different human cancers, acting both
as oncogenes or tumor suppressors. miRNAs are involved
in basic cellular functions, including proliferation, cell
death, differentiation, metabolism and, importantly,
tumorigenesis [7—11, 13]. In addition, these noncoding
RNAs have the capacity to target tens to hundreds of genes
simultaneously [6]. Thus, they are attractive candidates
as prognostic biomarkers and therapeutic tools/targets
in cancer. Several studies have demonstrated that the
expression of miRNAs is deregulated in gliomas [12, 14,
15, 18] and may affect GBM tumorigenesis [32—34]. More
importantly, several reports have established a direct link
between miRNA signatures and GBM prognosis [35-38].
In the present study, we identify miR-340 as a tumor-
suppressive miRNA in GBM. Our experimental data,
together with that obtained from TCGA database, show
that miR-340 expression is significantly higher in LTS
compared to STS patients, and in normal brain compared
to GBM. Furthermore, statistical analysis revealed that
patients with higher miR-340 expression had a longer
survival rate and, thus, a better prognosis. Taken together,
these data suggest that higher expression of miR-340 is a
significant predictor of good prognosis in GBM.

Our functional studies show that overexpression
of miR-340 in GBM cells determines a significant block
of cell cycle, inhibition of cell proliferation, decrease of
anchorage-independent cell growth, and an increase in
sensitivity to TMZ. Furthermore, miR-340 directly binds
to two different sites on the 3'UTR of NRAS mRNA to
strongly inhibit NRAS protein expression. The RAS
protein family consists of 4 highly homologous enzymes
(NRAS, HRAS, KRAS4A and KRAS4B) that act as
signaling molecules for the regulation of cell fate: they
couple receptor activation to downstream effector
pathways controlling different cellular responses, such
as proliferation, resistance to therapy and survival [16].
Activating mutations of RAS proteins are common in
human cancers, especially in hematopoietic cancers,
colorectal cancer and melanoma [29-31]. In glioblastoma,
NRAS activation could be caused by a direct mutation
(5%) or by other alterations, such as amplification,
overexpression of growth factor receptor or aberrations in
other RAS pathway genes [17]. Recently, several miRNAs
— including miR-181d, let-7 and miR-143— were reported
to suppress RAS expression and function as tumor

suppressors, suggesting that miRNAs targeting R4S may
have an important role in carcinogenesis [18-20]. Our
findings indicate that miR-340’s targeting of NRAS leads
to a decrease in the activation of downstream pathways
(namely AKT and ERKs). Experiments using dominant
positive mutants of AKT and ERKs clearly show that
both these pathways are down-regulated by a miR-340-
mediated effect in GBM. Thus, we have identified a new
link between miR-340 and NRAS, a novel player in GBM
tumorigenesis.

miR-340 has been shown to have a tumor-
suppressive activity also in other types of cancer. Wu
et al. reported that miR-340 suppressed cell growth in
breast cancer [21]; in osteosarcoma, miR-340 was found
down-regulated compared to normal tissue, and ROCK-1
was identified as a miR-340 target [22, 26]; Poenitzsch
et al. demonstrated for the first time the pleiotropic
regulation of the RAS-RAF-MAPKSs pathway by miR-340
in melanoma, which resulted in a strong tumor-suppressive
activity [24]; Fernandez et al. characterized the tumor-
suppressive activity of miR-340 in lung cancer, where it
mediated cell growth inhibition and apoptosis activation
via the accumulation of p27 [25]; Yamashita et al. reported
that miR-340 suppressed the stem-like cell function of
glioma-initiating cells in vitro and in nude mouse brain
— their findings indicated that miR-340 acted as a tumor
suppressor in glioma-initiating cells, particularly affecting
gliomagenesis and extensive tumor invasion [23].
Recently Huang et al. reported that miR-340 was able to
inhibit glioblastoma tumorigenesis [27].

In the present study, we show that lentiviral
vector-mediated overexpression of miR-340 in GBM
cells inhibits cell growth in nude mice, suggestive of its
possible therapeutic use.

In conclusion, we have observed for the first time
a direct link between miR-340 expression and survival
in GBM, demonstrating that miR-340 has a powerful
oncosuppressive effect in vitro and in vivo. The mechanism
is mediated, at least in part, by the targeting of NRAS and
the consequential blunting of downstream ERKs and AKT
pathways. We propose miR-340 as a novel biomarker for
GBM prognosis, as well as a new therapeutic agent for the
amelioration of GBM patient survival.

MATERIALS AND METHODS

Cells and tissue specimens

Glioblastoma cell lines T98G, U7MG, LN229 and
LN18, breast cancer cell lines BT549, MDA-MB-231,
MCF7, and NSCLC cell lines A549 and CALU-1 were
obtained from American Type Culture Collection (ATCC),
(LG Standards, Milan, Italy); U251MG, LN428, LN308,
SF767 and A172 were kindly donated by Frank Furnari
(La Jolla University, San Diego, CA, USA). US7TMG,
U251MG, T98G, AM38, A172, LN319, LN308, LN428,
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SF767, MCF7 and Calu-1 were grown in Dulbecco’s
modified eagle’s Medium, LN18 and LN229 in Advanced
Dulbecco’s modified eagle’s Medium, and BT-549,
MDA-MB-231 and A549 in RPMI Medium. Media were
supplemented with 10% heat-inactivated fetal bovine
serum (FBS) —5% FBS for LN229 and LN18- 2 mM
L-glutamine and 100 U/ml penicillin/streptomycin. All
media and supplements were from Sigma Aldrich (Milan,
Italy).

A total of 61 formalin-fixed, paraffin-embedded
(FFPE) tissue samples were collected from the archives
of the Department of Pathology, University Hospital
of Kuopio, Finland. Among the 61 samples, survival
information for 43 cases was available. Permission to use
the material was obtained from the National Supervisory
Authority for Welfare and Health of Finland, and the study
was accepted by the ethical committee of the Northern
Savo Hospital District, Kuopio, Finland. Informed consent
was obtained from each subject or subject’s guardian.

TCGA data analysis

The collection of data from The Cancer Genome
Atlas (TCGA) platform was compliant with laws and
regulations for the protection of human subjects, and
necessary ethical approvals were obtained. Analysis of
all data was done using GraphPad Prism 6 (San Diego,
CA, USA). For differential expression analysis and
determination of the effect of miR-340 and NRAS on
patient’s survival, we downloaded Agilent 8 X 15 miRNA
expression (level 2) and HT HG-U133A (level 3) along
with clinical information from the TCGA database in April
2014.

Cell transfection

For transient overexpression of miRNAs and
siRNAs, cells at 50% confluence were transfected using
Oligofectamine (Invitrogen, Milan, Italy) and 100 nM
of pre-miR-340, scrambled miRNA, anti-miR-340,
scrambled anti-miRNA (Ambion®, Life Technologies),
siNRAS or a siRNA control (Santa Cruz Biotechnologies,
MA, USA). For transient overexpression of 4 pg of
pcDNA3-NRAS, pcDNA3-AKT*, pcDNA3-ERK"™ or
pcDNA3, cells were transfected using X-tremeGENE
9 DNA Transfection Reagent (Roche, Milan, Italy).
Temozolomide (TMZ) was purchased from Sigma Aldrich
(Milan, Italy).

RNA extraction and real-time PCR

Cell culture: Total RNA (microRNA and mRNA)
was extracted using Trizol (Invitrogen, Milan, Italy)
according to the manufacturer’s protocol. Tissue
specimens: total RNA (miRNA and mRNA) from FFPE
tissue specimens was extracted using RecoverAll Total
Nucleic Acid isolation Kit (Ambion, Life Technologies,

Milan, Italy) according to the manufacturer’s protocol.
Reverse transcription of total RNA was performed
starting from equal amounts of total RNA/sample (500 ng)
using miScript reverse Transcription Kit (Qiagen, Milan,
Italy) for miRNA analysis, and with SuperScript® III
Reverse Transcriptase (Invitrogen, Milan, Italy) for mRNA
analysis. Quantitative analysis of miR-340 and RNUGA
(the latter as an internal reference) were performed by
RT-PCR using specific primers (Qiagen, Milan, Italy)
and miScript SYBR Green PCR Kit (Qiagen, Milan,
Italy). RT-PCR was also used to assess the mRNAs
of NRAS, KRAS, HRAS and B-actin (the latter as an
internal reference), using iIQTM SYBR Green Supermix
(Bio-Rad, Milan, Italy). The primer sequences were:

NRAS-Fw: 3'-CGCACTGACAATCCAGCTAA-5';
NRAS-Rv: 3'-TCGCCTGTCCTCATGTATTG-5";
K-RAS-Fw: 3'-ACTGGGGAGGGCTTTCTTTG-5";
K-RAS-Rv: 3'-GGCATCATCAACACCCTGTCT-5"
H-RAS: Fw: 3-TATAAGCTGGTGGTGGTGGG-5";
H-RAS-Rv: 3- TGATGGCAAACACACACAGG-5';

Act-FW: 5-TGCGTGACATTAAGGAGAAG-3'; Act-Rv:
5'-GCTCGTAGCTCTTCTCCA-3".

The reaction for detection of mRNAs was performed
in this manner: 95°C for 5 min, 40 cycles of 95°C for
30 s, 60°C for 30 s and 72°C for 30 s. The reaction for
detection of miRNAs was performed in this manner:
95°C for 15 min, 40 cycles of 94°C for 15 s, 55°C for
30 s and 70°C for 30 s. All reactions were run in triplicate.
The threshold cycle (CT) was defined as the fractional
cycle number at which the fluorescence passed the fixed
threshold. For relative quantization, the 244D method
was used. Experiments were carried out in triplicate for
each data point, and data analysis was performed with
Applied Biosystems’StepOnePlus™ Real-Time PCR
System.

miRNA expression microarray and data analysis

From each sample, 5 pg of total RNA (from
3 long- and 3 short-term GBM survivors) was reverse
transcribed using biotin end-labeled random octamer
oligonucleotide primer. Hybridization of biotin-labeled
c¢DNA was performed on an Ohio State University custom
miRNA microarray chip (OSU_CCC version 3.0), which
contained 1150 miRNA probes, including 326 human
and 249 mouse miRNA genes, spotted in duplicates. The
hybridized chips were washed and processed to detect
biotin-containing transcripts with a streptavidin-Alexa647
conjugate and scanned on an Axon 4000B microarray
scanner (Axon Instruments, Sunnyvale, CA, USA). Raw
data were normalized and analyzed with GENESPRING
7.2 software (zcomSilicon Genetics, Redwood City,
CA, USA). Expression data were median-centered with
the GENESPRING normalization option and with the
BIOCONDUCTOR package (www.bioconductor.org)
global median normalization tool, with similar results.
Statistical comparisons were done with the GENESPRING
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ANOVA tool, predictive analysis of microarray and the
significance analysis of microarray software (http://www.
stat.stanford.edu/Btibs/SAM/index.html).

Establishment of glioblastoma cells stably
expressing miR-340

Lentiviral vectors encoding an expression
cassette containing a puromycin resistance gene, the
green fluorescent protein (GFP) gene and the miR-340
sequence under the hCMV promoter were purchased
from GE Healthcare Dharmacon (Milan, Italy). U251MG
cells were infected with the miR-340 lentiviral vector
or with an empty, control vector (which lacked the
miR-340 sequence) at a final concentration of 20 MOI.
After culturing in selection media supplemented with
puromycin, GFP was detected by fluorescence microscopy
(original magnification 10x; scale bar 100 pm), and
representative images were collected using the Leica
Application Suite X (LAS X) software (Leica, Milan,
Italy). Finally, puromycin-resistant, GFP-positive clones
were picked.

Protein isolation and Western blotting

Cells were lysed in JS buffer (50 mM HEPES,
pH 7.5, containing 150 mM NaCl, 1% glycerol, 1% Triton
X-100, 1.5 mM MgCl,, S mM EGTA, 1 mM Na,VO,,
and 1X protease inhibitor cocktail). Protein concentration
was determined with the Bradford assay (BioRad, Milan,
Italy) using bovine serum albumin as the standard, and
equal amounts of proteins were analyzed by SDS-
PAGE (12% acrylamide). Gels were electroblotted into
nitrocellulose membranes (G & E Healthcare, Milan,
Italy). Membranes were blocked for 1 h with 5% non-
fat dry milk in tris-buffered saline (TBS) containing
0.1% Tween-20, and incubated at 4°C overnight with
the primary antibody. Detection was performed by
peroxidase-conjugated secondary antibodies, using the
enhanced chemiluminescence system (Thermo Euroclone,
Milan, Italy). Primary antibodies used were: anti-NRAS,
anti-ERK1, anti-SKP2, anti-ROCK1 (Santa Cruz
Biotechnologies, MA, USA), anti-pP42/44, anti-pAKT,
anti-AKT, anti-pmTOR, anti-mTOR, anti-pGSK3p, anti-
GSK3p, anti-pELK, anti-ELK (Cell Signaling, Danvers,
MA, USA), and anti-Bactin (Sigma Aldrich, Milan, Italy).

MTT assay

Cell vitality was evaluated with the CellTiter 96®
AQueous One Solution Cell Proliferation Assay
(Promega, Madison, WI, USA), according to the
manufacturer’s protocol. The assay is based on reduction of
3-(4,5-dimethylthiazol-2-yl)-5-(3- carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) to a
colored product that is measured spectrophotometrically.

After 24 h from miRNA or siRNA transfection, cells
(1 x 10%) were plated in 96-well plates in triplicate and
incubated at 37°C in a 5% CO, incubator. Metabolically
active cells were detected by adding 20 ul of MTS to each
well; after 30 min of incubation, the plates were analyzed
on a Multilabel Counter (Bio-Rad, Richmond, VA, USA).

BrdU incorporation assay

Cell proliferation was evaluated with the /n Situ Cell
Proliferation Kit, FLUOS (Sigma Aldrich, Milan, Italy),
according to the manufacturer’s protocol. The assay is based
on the incorporation of BrdU only in actively proliferating
cells. Cells were plated in p100 plates and transfected with
miR-340 or scrambled sequence. After 72 h, proliferating
cells were detected by adding BrdU to each plate; after
4 h of incubation, the cells were fixed and labeled with
anti-BrdU antibody conjugated with fluorescein for
45 min. Then, BrdU incorporation were detected with a
Becton Dickinson FACScan flow cytometer.

Cell cycle analysis

Cell cycle was analyzed via propidium iodide (PI)
incorporation in permeabilized cells by flow cytometry.
The cells (5 x 10%) were washed in PBS and resuspended
in 200 pl of a solution containing 0.1% sodium citrate,
0.1% triton X-100 and 50 pg/ml propidium 6 iodide
(Sigma Aldrich, Milan, Italy). Following incubation at
4°C for 30 min in the dark, nuclei were analyzed with
a Becton Dickinson FACScan flow cytometer. Cellular
debris was excluded from analyses by raising the forward
scatter threshold, and the DNA content of the nuclei
was registered on a logarithmic scale. The percentage of
elements in the hypodiploid region was calculated.

Soft-agar assay

1 x 10* cells were plated in 60mm dishes in a
solution containing Dulbecco’s modified Eagle’s medium
2 x (Sigma, St Louis, MO, USA), TPB buffer (Difco,
BD, Franklin Lakes, NJ, USA), and 1.25% Noble Agar
(Difco, BD, Franklin Lakes, NJ, USA). Briefly, cells were
harvested and counted, then a layer of 7 ml of Noble
Agar solution was left to polymerize on the bottom of
the dishes. Then cells were resuspended in 2 ml of same
solution and plated. Cells were left to grow for 2 weeks in
the incubator.

Cell death quantification and caspase assay

Cells were transfected with miRNAs as described
and were plated in 96-well plates in triplicate, treated, and
incubated at 37°C in a 5% CO, incubator. Temozolomide
was used at a final concentration of 300 uM for 24 h. Cell
viability was assessed using the CellTiter 96® AQueous
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One Solution Cell Proliferation Assay (Promega,
Madison, WI, USA), as described above. Apoptosis
activation was analyzed with the Caspase-Glo® 3/7 Assay
System (Promega, Madison, WI, USA), as reported in
the instruction manual. Briefly, cells were incubated
with medium supplemented with caspase 3/7 reagent;
luminescence was measured following incubation for
30 min at room temperature.

Apoptosis assessment by Annexin V staining

GBM cells were transfected with miR-340 or
scrambled sequence. After 48 h, cells were treated with
300 uM of TMZ for 24 h, harvested, washed twice with
cold PBS, and stained with Annexin V-FITC Apoptosis
Detection Kit 1 (BD Pharmingen, Milan, Italy). Briefly,
cells were resuspended in 100 pL of 1 x binding buffer
and 5 pL of Annexin V and then incubated for 15 min at
room temperature. Apoptotic cells were analyzed by flow
cytometry.

Rescue experiments

To determine whether NRAS mediated the effect of
miR-340, rescue experiments were performed in which
the effects of miR-340 were measured in the setting of
overexpression of a deletion mutant of NRAS, i.e., one
lacking the 3’ untranslated region (UTR). Cells were
transfected with miR-340 and with the mutant NRAS
vector, using X-tremeGENE 9 DNA Transfection Reagent
(Roche, Milan, Italy), as described. Growth and cell cycle
were assessed as above.

In vivo tumor formation

Five-week-old female CD1 nude mice (Charles
River, Milan, Italy) were maintained in special pathogen
free conditions for one week. The animal protocols used
in this work were evaluated and approved by the Animal
Use and Ethic Committee (OBA) of the Institute Ceinge,
Biotecnologie Avanzate s.c.a.r.l. (Protocol 15/1/14_n 4).
The animals protocols were performed in accordance with
FELASA guidelines and the guidelines defined by the
European Communities Council directive (2010/63/EU).
The investigators adhere to widely accepted national
standards. U251MG cells stably expressing either miR-340
or miR-Empty were injected subcutaneously into the left
flank of the nude mice (2 x 10°¢ cells in 100 pl). Tumor
size was assessed weekly with a Vevo 2100 equipment
(FUJIFILM VisualSonics, Inc., Toronto, Ontario, Canada),
an high-frequency ultrasound (HFUS) system mounting
a 40 MHz probe, 1, 2, and 3 weeks after cells injection.
The procedures were performed under general anesthesia
with 2% isoflurane in 100% oxygen at 0.8 L/min. For each
tumor, mediolateral, anteroposterior and craniocaudal
diameters were measured. Tumor volume (TV) was

calculated according to the formula V = (height x width x
length x 3.16)/6.

Immunohistochemical staining and evaluation

Xenograft fresh frozen tissue were embedded
in OCT compound and were cut in sections of 5 um
thickness. Staining was performed with an automatic
Benchmark XT staining machine (Ventana Medical
Systems Inc.,Tucson, AZ, USA) with an antihuman K167
(Ventana) antibody according to manufacture procedure.
KI67 nuclear staining intensity was evaluated by one
expert pathologist. For H & E staining, 2.5 pm sections
of all fixed samples were mounted on superfrost slides
and performed using standard methodology.

Luciferase assay

The two predicted regions on the 3'UTR of
the human NRAS gene (R1 and R2) containing
the putative miR-340 binding site were PCR
amplified using the following primers: NRAS-RI-FW:
3-GCTCTAGATGGCATCTGCTCTAGATTCATAAA-5; NRAS-
RI1-Rv: 3-GCTCTAGATGGCATCTGCTCTAGATTCATAAA-5",
NRAS-R2-FW:3-GCTCTAGACTATTTTAGTGGGCCCATGTT-S,
NRAS-R2-Rv: 3“GCTCTAGACAAGAAGCAGAACGCACC-S,
and cloned downstream of the Renilla luciferase stop
codon in a pGL3 control vector (Promega, Milan, Italy).
An inverted sequence of the miRNA-binding sites was
used as the negative control. A549 cells were transfected
with miR-340 or a scrambled miRNA for 6 h. Then, the
cells were co-transfected with 1.2 pg of 3'UTR NRAS-R1
or -R2 plasmids, or relative mutant constructs, plus
400 pg of a Renilla luciferase expression construct, pRL-
TK (Promega, Milan, Italy), with Lipofectamine 2000
(Life Technologies, Milan, Italy). Cells were harvested
24 h post-transfection, and the luciferase activity assayed
with Dual Luciferase Assay (Promega, Milan, Italy),
according to the manufacturer’s instructions. Three
independent experiments were performed in triplicate.

Statistical analysis

All experiments were repeated at least three times.
Continuous variables are given as mean + 1 standard
deviation (SD). For two-groups comparison, Student’s
t-test was used to determine differences between mean
values for normal distribution. Comparisons among more
than two groups were determined by one-way ANOVA
followed by Bonferroni’s post hoc testing. Survival was
illustrated by Kaplan-Meier curves; survival differences
between groups were examined with log-rank test. All
data were analyzed for significance using GraphPadPrism
6 software (San Diego, CA, USA); a probability level
< 0.05 was considered significant throughout the
analysis.

www.impactjournals.com/oncotarget

19545

Oncotarget



ACKOWLEDGMENTS

We thank Micheal Latronico for critically reading
the manuscript, Simona Romano for FACS Analysis,
and Luigi Terracciano for his help with the histological
analysis.

FINANCIAL SUPPORT

This work was partially supported by funds from
Associazione Italiana Ricerca sul Cancro (AIRC, grant
n0.10620) to G.C.; MERIT (RBNEOSE8CZ 002) to G.C.;
POR Campania FSE 2007-2013, Project CREME to G.C.;
and Fondazione Berlucchi to G.C.

CONFLICTS OF INTEREST

The authors disclose no potential conflicts of interest

REFERENCES

1. Porter KR, McCarthy BJ, Freels S, Kim Y, Davis FG.
Prevalence estimates for primary brain tumors in the United
States by age, gender, behavior, and histology. Neuro Oncol.
2010; 12:520-7.

2. Tran B, Rosenthal MA. Survival comparison between
glioblastoma multiforme and other incurable cancers. J Clin
Neurosci. 2010; 17:417-21.

3. 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
Neuropathol. 2007; 114:97-109.

4. Krex D, Klink B, Hartmann C, von Deimling A, Pietsch T,
Simon M, Sabel M, Steinbach JP, Heese O, Reifenberger G,
Weller M, Schackert G; German Glioma Network. Long-
term survival with glioblastoma multiforme. Brain. 2007,
130:2596-606.

5. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ,
Janzer RC, Ludwin SK, Allgeier A, Fisher B, Belanger K, Hau P,
Brandes AA, Gijtenbeek J, et al. Effects of radiotherapy with
concomitant and adjuvant temozolomide versus radiotherapy
alone on survival in glioblastoma in a randomised phase I1I
study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol.
2009; 10:459—66.

6. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism,
and function. Cell. 2004; 116:281-97.

7. Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S, Noch E,
Aldler H, Rattan S, Keating M, Rai K, Rassenti L, Kipps T,
Negrini M, et al. Frequent deletions and down-regulation of
micro- RNA genes miR15 and miR16 at 13q14 in chronic
lymphocytic leukemia. Proc Natl Acad Sci U S A. 2002;
99:15524-9.

8. Johnson SM, Grosshans H, Shingara J, Byrom M, Jarvis R,
Cheng A, Labourier E, Reinert KL, Brown D, Slack FJ.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

RAS is regulated by the let-7 microRNA family. Cell. 2005;
120:635-47.

Costinean S, Zanesi N, Pekarsky Y, Tili E, Volinia S, Heerema N,
Croce CM. Pre-B cell proliferation and lymphoblastic
leukemia/high-grade lymphoma in E(mu)-miR 155 transgenic
mice. Proc Natl Acad Sci USA. 2006; 103: 7024-9.

Croce CM. Causes and consequences of microRNA
dysregulation in cancer. Nat Rev Genet. 2009; 10:704—14.

Tavazoie SF, Alarcon C, Oskarsson T, Padua D, Wang Q,
Bos PD, Gerald WL, Massagué J. Endogenous human
microRNAs that suppress breast cancer metastasis. Nature.
2008; 451:147-52.

Ciafre SA, Galardi S, Mangiola A, Ferracin M, Liu CG,
Sabatino G, Negrini M, Maira G, Croce CM, Farace MG.
Extensive modulation of a set of microRNAs in primary
glioblastoma. Biochem Biophys Res Commun. 2005;
334: 1351-8.

Calin GA, Croce CM. MicroRNA signatures in human
cancers. Nat Rev Cancer. 2006; 6:857—66.

Chan JA, Krichevsky AM, Kosik KS. MicroRNA-21 is an
antiapoptotic factor in human glioblastoma cells. Cancer
Res. 2005. 65:6029-33.

Hermansen SK, Kristensen BW. MicroRNA biomarkers in
glioblastoma. J Neurooncol. 2013; 114:13-23.

Schubbert S, Shannon K, Bollag G. Hyperactive Ras in
developmental disorders and cancer. Nat Rev Cancer. 2007;
7:295-308.

Knobbe CB, Reifenberger J, Reifenberger G. Mutation
analysis of the Ras pathway genes NRAS, HRAS, KRAS
and BRAF in glioblastomas. Acta Neuropathol. 2004;
108:467-70.

Lee ST, Chu K, Oh HJ, Im WS, Lim JY, Kim SK, Park CK,
Jung KH, Lee SK, Kim M, Roh JK. Let-7 microRNA
inhibits the proliferation of human glioblastoma cells.
J Neurooncol. 2011; 102:19-24.

Wang XF, Shi ZM, Wang XR, Cao L, Wang Y'Y, Zhang JX,
Yin'Y, Luo H, Kang CS, Liu N, Jiang T, You YP. MiR-181d
acts as a tumor suppressor in glioma by targeting K-ras and
Bcl-2. J Cancer Res Clin Oncol. 2011; 138:573-84.

Wang L, Shi ZM, Jiang CF, Liu X, Chen QD, Qian X,
Li DM, Ge X, Wang XF, Liu LZ, You YP, Liu N, Jiang BH.
MiR-143 acts as a tumor suppressor by targeting NRAS
and enhances temozolomide-induced apoptosis in glioma.
Oncotarget. 2014; 5:5416-27. doi: 10.18632/oncotarget.2116.

Wu ZS, Wu Q, Wang CQ, Wang XN, Huang J, Zhao JJ,
Mao SS, Zhang GH, Xu XC, Zhang N. miR-340 inhibition
of breast cancer cell migration and invasion through
targeting of oncoprotein c-Met. Cancer. 2011; 117:2842-52.

Zhou X, Wei M, Wang W. MicroRNA-340 suppresses
osteosarcoma tumor growth and metastasis by directly
targeting ROCK1. Biochem Biophys Res Commun. 2013;
437:653-8.

Yamashita D, Kondo T, Ohue S, Takahashi H, Ishikawa M,
Matoba R, Suehiro S, Kohno S, Harada H, Tanaka J,

www.impactjournals.com/oncotarget

19546

Oncotarget



24.

25.

26.

27.

28.

29.

30.

31.

Ohnishi T. miR340 suppresses the stem-like cell function
of glioma-initiating cells by targeting tissue plasminogen
activator. Cancer Res. 2015; 75:1123-33.

Poenitzsch Strong AM, Setaluri V, Spiegelman VS.
MicroRNA-340 as a modulator of RAS-RAF-MAPK
signaling in melanoma. Arch Biochem Biophys. 2014;
563:118-24.

Fernandez S, Risolino M, Mandia N, Talotta F, Soini Y,
Incoronato M, Condorelli G, Banfi S, Verde P. miR-340
inhibits tumor cell proliferation and induces apoptosis by
targeting multiple negative regulators of p27 in non-small
cell lung cancer. Oncogene. 2014; 34:3240-50

Cai H, Lin L, Cai H, Tang M, Wang Z. Combined
microRNA-340 and ROCK1 mRNA profiling predicts
tumor progression and prognosis in pediatric osteosarcoma.
Int J Mol Sci. 2014; 15:560-73.

Huang D, Qiu S, Ge R, He L, Li M, Li Y, Peng Y. miR-
340 suppresses glioblastoma multiforme. Oncotarget. 2015;
6:9257-70. doi: 10.18632/oncotarget.3288.

Hegi ME, Diserens AC, Gorlia T, Hamou MF, de Tribolet N,
Weller M, Kros JM, Hainfellner JA, Mason W, Mariani L,
Bromberg JE, Hau P, Mirimanoff RO, et al. MGMT gene
silencing and benefit from temozolomide in glioblastoma.
The New England journal of medicine. 2005; 352:997—-1003.
Wang J, Liu Y, Li Z, Tan LX, Ryu MJ, Meline B, Du J,
Young KH, Ranheim E, Chang Q, Zhang J. Endogenous
oncogenic Nras mutation initiates hematopoietic
malignancies in a dose- and cell type-dependent manner.

Blood. 2011; 118:368-79.

Vaughn CP, Zobell SD, Furtado LV, Baker CL, Samowitz WS.
Frequency of KRAS, BRAF, and NRAS mutations in
colorectal cancer. Genes Chromosomes Cancer. 2011;
50:307-12.

Tschandl P, Berghoff AS, Preusser M, Burgstaller-
Muehlbacher S, Pehamberger H, Okamoto I, Kittler H.

NRAS and BRAF mutations in melanoma-associated nevi
and uninvolved nevi. PLoS One. 2013; 8:¢69639.

32.

33.

34.

35.

36.

37.

38.

Quintavalle C, Donnarumma E, Iaboni M, Roscigno G,
Garofalo M, Romano G, Fiore D, De Marinis P, Croce
CM, Condorelli G. Effect of miR-21 and miR-30b/c on
TRAIL-induced apoptosis in glioma cells. Oncogene. 2013;
32:4001-8.

Quintavalle C, Garofalo M, Zanca C, Romano G,
Iaboni M, del Basso De Caro M, Martinez-Montero JC,
Incoronato M, Nuovo G, Croce CM, Condorelli G. miR-
221/222 overexpession in human glioblastoma increases
invasiveness by targeting the protein phosphate PTPmu.
Oncogene. 2012; 31:858—68.

Quintavalle C, Mangani D, Roscigno G, Romano G, Diaz-
Lagares A, laboni M, Donnarumma E, Fiore D, De Marinis P,
Soini Y, Esteller M, Condorelli G. MiR-221/222 target the
DNA methyltransferase MGMT in glioma cells. PLoS One.
2013; 8:¢74466.

Hayes J, Thygesen H, Tumilson C, Droop A, Boissinot M,
Hughes TA, Westhead D, Alder JE, Shaw L, Short SC,
Lawler SE. Prediction of clinical outcome in glioblastoma
using a biologically relevant nine-microRNA signature. Mol
Oncol. 2014; 9:704—14.

Jiang L, Mao P, Song L, Wu J, Huang J, Lin C, Yuan J,
Qu L, Cheng SY, Li J. miR-182 as a prognostic marker for
glioma progression and patient survival. Am J Pathol. 2010;
177:29-38.

Niyazi M, Zehentmayr F, Niemoller OM, Eigenbrod S,
Kretzschmar H, Schulze-Osthoff K, Tonn JC, Atkinson M,
Mortl S, Belka C. MiRNA expression patterns predict
survival in glioblastoma. Radiat Oncol. 2011; 6:153.
Srinivasan S, Patric IR, Somasundaram K. A ten-microRNA
expression signature predicts survival in glioblastoma.
PLoS One. 2011; 6:¢17438.

www.impactjournals.com/oncotarget

19547

Oncotarget



