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Abstract
microRNA-34a (miR-34a) is a transcriptional target of p53 that is down-regulated in some cancer
cell lines. We studied the expression, targets and functional effects of miR-34a in brain tumor cells
and human gliomas. Transfection of miR-34a down-regulated c-Met in human glioma and
medulloblastoma cells and Notch-1, Notch-2 and CDK6 protein expressions in glioma cells. miR-34a
expression inhibited c-Met reporter activities in glioma and medulloblastoma cells and Notch-1 and
Notch-2 3′UTR reporter activities in glioma cells and stem cells. Analysis of human specimens
showed that miR-34a expression is down-regulated in glioblastoma tissues as compared to normal
brain and in mutant p53 gliomas as compared to wild-type p53 gliomas. miR-34a levels in human
gliomas inversely correlated to c-Met levels measured in the same tumors. Transient transfection of
miR-34a into glioma and medulloblastoma cell lines strongly inhibited cell proliferation, cell cycle
progression, cell survival and cell invasion, but transfection of miR-34a into human astrocytes did
not affect cell survival and cell cycle status. Forced expression of c-Met or Notch1/Notch2 transcripts
lacking the 3′UTR sequences partially reversed the effects of miR-34a on cell cycle arrest and cell
death in glioma cells and stem cells, respectively. Also, transient expression of miR-34a in
glioblastoma cells strongly inhibited in vivo glioma xenograft growth. Together, these findings
represent the first comprehensive analysis of the role of miR-34a in gliomas. They show that miR-34a
suppresses brain tumor growth by targeting c-Met and Notch. The results also suggest that miR-34a
could serve as a potential therapeutic agent for brain tumors.

Introduction
Each year more than 20,000 people in the United States are diagnosed with a primary malignant
brain tumor. Gliomas are the most common and deadly brain tumors in adults and
medulloblastoma is the most common brain tumor in children. Multiple molecular dysfunctions
have been associated with glioma and medulloblastoma formation and growth. Among these,
the HGF/c-Met pathway, the Notch pathway and CDK6 are recognized to play important roles.
We and others have shown that overexpression of c-Met or HGF is frequently found in brain
tumors including glioma and medulloblastoma, and elevated HGF and/or c-Met levels as well
as co-expression of HGF and c-Met correlate with poor prognosis (1-7). The Notch pathway
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has also been implicated in brain tumor formation and growth. Notch-1 and Notch-2 play
critical roles in glioma cell and stem cell survival and proliferation (8-12). The cell cycle
regulator protein CDK6 is another adverse prognostic indicator and contributor to cell
proliferation, differentiation and transformation of human brain tumors. The expression of
CDK6 in brain tumors is often elevated relative to matched normal brain tissue. Overexpression
of CDK6 in glioma and medulloblastoma significantly correlates with poor prognosis
(13-15). The mechanisms of c-Met, Notch and CDK6 expression deregulation in brain tumors
are not very well understood.

microRNAs are small noncoding regulatory RNA molecules, with profound impact on a wide
array of biological processes (16,17). microRNAs modulate protein expression by binding to
the 3′ untranslated region (3′UTR) of mRNA and promoting RNA degradation and inhibiting
transcription. microRNAs are thought to play important roles in cancer by regulating the
expression of various oncogenes and tumor suppressors (18-20). Expression profiling
identified microRNA-34a (miR-34a) as one of several microRNAs that are downregulated in
some cancer cells (21). miR-34a expression was recently shown to be transcriptionally
regulated by p53, but a direct correlation between miR-34a levels and the p53 status in human
tumors has not been demonstrated to date (22-25). A few studies have shown that miR-34a
expression in cancer cells inhibits c-Met expression (25-27). However, a correlation between
miR-34a levels and c-Met levels in human tumors has not been established.

We studied the role of miR-34a in human brain tumors with a focus on gliomas. We found that
miR-34a potently inhibits c-Met protein expression and c-Met 3′UTR-reporter activity in
glioma and medulloblastoma cells. Furthermore, we found for the first time that miR-34a also
inhibits Notch-1 and Notch-2 protein expression and 3′UTR reporter activities as well as CDK6
protein expression in glioma cells. Using quantitative reverse transcription-PCR analysis, we
showed for the first time that average pre-miR-34a expression is down-regulated in human
glioblastoma tissues as compared to normal human brain. Moreover, miR-34a expression was
higher in wild-type p53 glioblastoma tissues as compared to mutant p53 glioblastoma tissues,
and miR-34a levels in human gliomas inversely correlated with c-Met levels in the same
tumors. Transient transfection of miR-34a into brain tumor cell lines inhibited cell
proliferation, cell cycle progression, cell survival and cell invasion but did not affect human
astrocyte cell survival and cell cycle. Moreover, transient expression of miR-34a strongly
inhibited in vivo glioma xenograft growth. Forced c-Met expression partially rescued the
effects of miR-34a on the cell cycle and forced Notch1 and Notch2 expressions partially
rescued the effects of miR34a on cell death in glioma cells and stem cells. We have therefore
shown that miR-34a is downregulated in human gliomas and that it suppresses tumor growth
by affecting several malignancy endpoints via downregulation of multiple oncogenes.

Materials and Methods
Reagents

Eagle's minimum essential medium (MEM), Dulbecco's modified essential medium (DMEM)
with 4.5 g/L glucose, DMEM with 1 g/L glucose, 0.15% sodium bicarbonate, 1 mmol/L sodium
pyruvate, 0.1 mol/L nonessential amino acids and HEPES buffer were purchased from Cellgro
Mediatech (Washington, DC). Improved MEM Zinc Option, neurobasal media, N2, B27,
penicillin-streptomycin, Trizol, Oligofectamine and pcDNA3.1/Zeo vector were purchased
from Invitrogen (Carlsbad, CA). Human recombinant bFGF and EGF were purchased from
R&D Systems (Minneapolis, MN). Fetal bovine serum (FBS) was purchased from GEMINI
Bio-Products (West Sacramento, CA). Pre-miR-34a or control pre-miR (miR-con), and pmiR-
REPORT vector were purchased from Ambion (Austin, Texas). pGL3-promoter plasmids and
Luciferase System Kit were purchased from Promega Corp (Madison, WI). Crystal violet was
purchased from Sigma (Saint Louis, Missouri). Fugene 6 reagent was purchased from Roche
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(Indianapolis, IN). Bio-Rad's iScript cDNA Synthesis Kit was purchased from Bio-Rad
Laboratories (Hercules, CA). Taqman MicroRNA Reverse Transcription Kit, MultiScribe
reverse transcriptase and a human 18S rRNA Taqman probe were purchased from Applied
Biosystems (Foster City, CA). Propidium iodide, Annexin V-PE and 7AAD were purchased
from BD Pharmingen (San Diego, CA).

Cell culture
U87 human glioblastoma cells were grown in Eagle's MEM supplemented with 10% FBS,
0.15% sodium bicarbonate, 1 mmol/L sodium pyruvate, 0.1 mol/L nonessential amino acids,
and 500 μg/mL penicillin-streptomycin. A172 human glioblastoma cells and LN-Z308 cells
(a kind gift from Dr. Erwin Van Meir, Emory University) were grown in DMEM with 4.5 g/
L glucose and 10% FBS. U373 and T98G human glioblastoma cells were grown in DMEM
with 1 g/L glucose supplemented with HEPES buffer and 10% fetal calf serum. DAOY human
medulloblastoma cells were grown in Improved MEM Zinc Option supplemented with 10%
FBS. Glioma stem cells 0308 (a kind gift from Dr. Howard Fine, NIH) were grown in
Neurobasal Media, N2 and B27 supplements (0.5 × each) and human recombinant bFGF and
EGF (50 ng/ml each). Immortalized human astrocytes (a kind gift of Dr. Russ Pieper, UCSF)
were grown in DMEM with 4.5 g/L glucose supplemented with 10% FBS. All cells were grown
at 37 °C in 5% CO2-95% O2.

Vectors
The pcDNA-c-Met, pcDNA-Notch1 and pcDNA-Notch2 plasmids were constructed via
respective insertions of the full-length human c-Met, Notch1 and Notch2 cDNAs that do not
contain the 3′UTR regions into the pcDNA3.1/Zeo vector. The Notch-1 3′UTR reporter
plasmid was constructed via insertion of Notch-1 3′UTR into the pGL3-promoter plasmid. The
Notch-2 3′UTR reporter plasmid was constructed via insertion of Notch-2 3′UTR into the
pmiR-REPORT vector. The c-Met 3′-UTR reporter plasmid was a kind gift of Dr. Lin He (Cold
Spring Harbor Laboratory) (25). The miR-34a reporter plasmid was constructed via insertion
of two copies of full site complementary to miR-34a into the pGL3-promoter plasmid. The p53
and mutant-p53 expression plasmids were kind gifts of Dr. Bert Vogelstein (Johns Hopkins
University).

Quantitative Real-Time RT-PCR
Patient glioblastoma specimens and normal brain samples were obtained from University of
Virginia Health System under an approved IRB protocol. Total RNA was extracted with Trizol
according to the manufacturer's instructions. For endogenous controls, cDNA was synthesized
using Bio-Rad's iScript cDNA Synthesis Kit. For microRNA expression analysis, 10 ng total
RNA was used along with miR-34a–specific primers supplied with miR-34a Taqman
MicroRNA Assay. cDNA was synthesized using Taqman MicroRNA Reverse Transcription
kit and quantitative real-time PCR analysis was performed using the 7500 Real-Time PCR
System. A human 18S rRNA Taqman probe was used as endogenous control. For c-Met
expression analysis 50 ng total RNA was used and cDNA was synthesized using Multiscribe
reverse transcriptase and c-Met expression was analyzed using c-Met specific primers. Human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-actin were used as endogenous
controls.

Cell transfections
Transfections of microRNAs were performed using Oligofectamine and 10 nM pre-miR-34a
or 10 nM pre-miR-con according to the manufacturer's instructions. Plasmid transfections were
performed with Fugene 6 reagent according to the manufacturer's instructions.
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Luciferase assays
To determine if miR-34 can bind to c-Met, Notch-1 or Notch-2 3′-UTR, brain tumor cells or
stem cells were transfected with pre-miR-34a or pre-miR-con for 24 hrs and subsequently
transfected with either 3′UTR-control, 3′UTR-Met, 3′UTR-Notch-1, or 3′UTR-Notch-2 in
addition to control cytomegalovirus-β-galactosidase reporter plasmids for 48 hrs. To determine
if wild-type p53 but not mutant p53 activates miR-34a, p53-null LN-Z308 cells were
transfected with pre-miR-34a or pre-miR-con reporter plasmids for 6 hrs prior to transfection
with either wild-type p53, mutant p53 (R273H) or control vectors for 48 hrs. Luciferase assays
were performed using the Luciferase System Kit and luminescence was measured on a Promega
GloMax 20/20 luminometer and normalized as described previously (28,29).

Immunoblotting
Immunoblotting was performed as previously described using antibodies specific for c-Met
and CDK6 (Cell Signaling Technologies, Danvers, MA), Notch-1, Notch-2 (Santa Cruz
Biotechnologies, Santa Cruz, CA). All blots were stripped and re-probed with β-actin or α-
tubulin antibodies (Santa Cruz Biotechnologies, Santa Cruz, CA) as loading controls.

Cell proliferation assays
U87, A172 and DAOY cells (30,000/well) were transfected with pre-miR-34a or pre-miR-con
as described above. After 72 hrs, the cells were collected every day for five subsequent days
and counted with a hemocytometer.

Propidium Iodide Flow Cytometry
The effects of miR-34a expression on cell cycle progression were assessed using propidium
iodide (PI) flow cytometry as previously described 28, 29. Briefly, U87 and A172 cells or
astrocytes were transfected with pre-miR-34a or pre-miR-con for 72 hrs. The cells were washed
with PBS, harvested and fixed in 70% (v/v) ethanol. The cells were then treated with 20 μg of
DNase-free RNase and stained with propidium iodide. Cell samples were analyzed on a
FACscan (Becton-Dickinson, Fullerton, CA) and G0/G1, S and G2/M fractions were
determined.

Annexin V-PE and 7AAD flow cytometry
The effects of miR-34a expression on cell death were assessed by Annexin V-PE and 7AAD
flow cytometry as previously described 1. Briefly, A172, 0308, DAOY and astrocytes were
transfected with pre-miR-34a or pre-miR-con for 96 hrs. The cells were harvested and stained
with Annexin V-PE and 7AAD according to the manufacturer's instructions. Cell samples were
analyzed on a FACsan and apoptotic fractions were determined.

Cell invasion assays
The effects of miR-34a expression on cell invasion were assessed using a transwell invasion
assay as previously described (28). Briefly, A172 cells were transfected with pre-miR-34a or
pre-miR-con for 72 hrs. The transfected cells (1×105) were resuspended in 300 μL 0.1% FBS
medium and placed in the upper chamber of the wells. Six hundred μL 10% FBS medium were
placed in the lower chamber. After incubation for 6 hrs at 37°C in 5% CO2, the cells on the
upper membrane surface were mechanically removed. Cells that had migrated to the lower side
of the collagen IV-coated membrane were fixed and stained with 0.1% crystal violet. Migrated
cells were counted under a microscope in five randomly chosen fields and photographs were
taken.
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c-Met and Notch rescue experiments
To determine if c-Met or Notch can rescue miR-34a-induced cell cycle arrest or cell death, the
effects of miR-34a on cell cycle and apoptosis were tested in the setting of forced expression
of plasmids encoding either c-Met or Notch1 and Notch2 transcripts lacking the respective 3′-
UTR regions and that therefore cannot be inhibited by miR-34a. The plasmids were transfected
in U87 or 0308 cells for 6 hrs prior to transfection with pre-miR-34a or pre-miR-con for 48
hrs. The cells were collected and analyzed for cell cycle with propidium iodide flow cytometry
or for cell death with Annexin V-PE/7AAD flow cytometry as described above. c-Met and
Notch expression changes were verified by immunoblotting.

Tumor formation in vivo
The effects of miR-34a on in vivo tumor growth were tested in an intracranial glioma xenograft
model. U87 cells were transfected with pre-miR-34a or pre-miR-con for 24 hrs. Transfected
cells (3 × 105) were stereotactically implanted into the striata of immunodeficient mice (n=10).
The animals were sacrificed after 4 weeks of tumor implantation. The brains were removed,
sectioned, and stained with H&E. Maximal tumor cross-sectional areas were measured by
computer-assisted image analysis and tumor volumes were calculated.

Statistics
When appropriate, two group comparisons were analyzed with a t-test and multiple group
comparisons were analyzed with a Dunnett test and p values were calculated. P < 0.05 was
considered significant and symbolized by an asterisk in the graphs.

Results
miR-34a inhibits the expression of multiple oncogenes and binds to their 3′UTR

Based on the Sanger microRNA database, miR-34a has several predicted seed matches in the
3′UTR of multiple oncogenes including c-Met, Notch1, Notch-2, CDK6 and PDGFRA.
Therefore, we tested the effects of miR-34a on c-Met, Notch1, Notch-2, CDK6 and PDGFRA
expressions in brain tumor cells and stem cells. These oncogenes were selected because they
are frequently upregulated in human brain tumors and because they are subject to research in
our laboratories. We tested the effects of miR-34a transfection on protein levels of all the above
oncogenes and the 3′UTR reporter activities of c-Met, Notch-1 and Notch-2. Transfection of
miR-34a reduced the protein levels of c-Met protein in glioma and medulloblastoma cells and
astrocytes. Transfection of miR-34a also reduced the protein levels of Notch-1, Notch-2 and
CDK6 in glioma cells and stem cells (Figure 1A). miR-34a transfection did not affect the
protein levels of PDGFRA in any tested cell line (not shown). To determine if miR-34a can
directly inhibit c-Met, Notch-1 and Notch-2 protein expressions by binding to their 3′UTR,
glioma, medulloblastoma and glioma stem cells were transfected with pre-miR-34a or pre-
miR-control. The 3′UTR reporter activities of c-Met, Notch-1 and Notch-2 were assessed by
luciferase assays. miR-34a inhibited c-Met, Notch-1 and Notch-2 luciferase activities in all
cell lines tested (Figure 1B). miR-34a inhibited normalized c-Met 3′UTR luciferase activity
by 90.4 ± 5.6% in U87 cells, 87.6 ± 2.4% in A172 cells and 74.6 ± 4.0% in DAOY cells (n=3;
P<0.05 for all). miR-34a also inhibited normalized activity of the Notch-1 3′UTR reporter by
40.1 ± 10.3% in T98G cells and 24.0 ± 4.1% in the glioma stem cell line 0308 and activity of
Notch-2 3′UTR reporter by 50.1 ± 3.4% in U373 cells and by 35.0 ± 2.1% in 0308 glioma stem
cells (n=3; P<0.05 for all). Together, these data show that miR-34a binds to c-Met 3′UTR,
Notch-1 3′UTR and Notch-2 3′UTR and downregulates c-Met, Notch-1, Notch-2 and CDK6
protein expressions.
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miR-34a expression in human glioblastoma tissues
A previous study screened for microRNA expressions in the NCI-60 tumor cells and found
that miR-34a is downregulated in brain tumor cell lines (21). In this study, we analyzed for the
first time miR-34a expression in human glioblastoma surgical specimens and normal brain
tissue by quantitative RT-PCR. We found that the average level of miR34 expression is lower
in glioblastoma tissues (n=11) than in normal brain tissue (n=6) (Figure 2A). Importantly, we
also measured c-Met mRNA expression levels in the same specimens described above and
found a significant inverse correlation between the levels of c-Met and miR-34a expression in
human glioblastoma and normal tissues (r = 0.84) (Figure 2C). To confirm that miR-34a affects
c-Met mRNA levels, we transfected U87 glioma cells with pre-miR-34a and measured the
effects on c-Met mRNA with quantitative RT-PCR. miR-34a expression reduced c-Met mRNA
levels, albeit less than it reduced protein levels (Figure 2D and Figure 1A). This suggests that
miR-34a affects both c-Met transcription and c-Met mRNA degradation.

p53 has been recently shown to transcriptionally regulate miR-34a (22-24). We therefore
assessed the levels of miR-34a in wild-type-p53 tumors as compared to mutant-p53 tumors.
We found that the average level of miR-34a expression was higher in wild-type p53
glioblastoma (n=7) as compared to mutant p53 glioblastoma (n=4) (p<0.05) (Figure 2B).
Previous studies that linked p53 to miR-34a transcription compared p53-null to wt-p53 cells
and tissues. The effects of mutant-p53 protein, which is highly expressed in many tumors and
which can possess gain-of-function activities, on miR-34a expression have not been examined
to date. To determine the effects of mutant p53 on miR-34a activity in brain tumor cells, we
constructed a miR-34a reporter plasmid and miR-con reporter plasmid. We transfected the
reporters together with either wild-type p53 or mutant p53 in p53-null LN-Z308 glioma cells
and assessed the effects of p53 on miR-34a activity. Luciferase assays showed that wild-type
p53 but not mutant p53 downregulates normalized miR-34a luciferase activity (not shown),
indicating that mutant p53 does regulate miR-34a transcription.

miR-34a inhibits brain tumor malignancy
We assessed the effects of miR-34a on brain tumor malignancy parameters including cell
proliferation, cell cycle, cell death and cell invasion in human glioblastoma, medulloblastoma
and astrocytes. Pre-miR-34a or pre-miR-con were transiently transfected into the cells and cell
proliferation, cell cycle, cell death and cell invasion were analyzed by cell counting, propidium
iodide flow cytometry, Annexin V-PE 7AAD flow cytometry, and transwell invasion assays,
respectively. miR-34a expression significantly inhibited cell proliferation in U87 and A172
glioblastoma and DAOY medulloblastoma cells (n=6, p<0.05). miR-34a restoration inhibited
cell proliferation by 78.4 ± 2.4% in U87, by 93.9 ± 3.8% in A172, and by 70.5 ± 4.9% in DAOY
after seven days of expression (Fig 3A). miR-34a also significantly induced cell cycle arrest
and increased the G0/G1 fraction from 73.9 ± 4.0% to 91.7 ± 2.1% in U87 cells (n=3, p=<0.05)
and from 68.8 ± 1.1% to 86.4 ± 1.4% in A172 cells (n=5, p=<0.05), respectively but did not
significantly change the cell cycle status in human astrocytes (Figure 3B). miR-34a also
inhibited brain tumor cell but not astrocyte survival. miR34a expression induced cell death by
24.3 ± 0.3% in A172 cells and 30.7 ± 1.5% in DAOY cells but no significant cell death induction
was observed in human astrocytes (Figure 3C). Moreover, miR34a increased the levels of
cleaved PARP in A172 cells. miR34a also markedly inhibited transwell invasion of A172 cells
by 61.7 ± 7.7% (Figure 3D). The above data show that miR-34a suppresses several malignancy
parameters in human brain tumor cells but not in human astrocytes.

Forced c-Met or Notch1 and Notch2 expressions partially rescue cell cycle arrest and cell
death induced by miR-34a in glioma cells or stem cells

To determine if the effects of miR-34a on the cell cycle are mediated by c-Met and/or Notch,
we overexpressed c-Met cDNA or Notch1 and Notch2 cDNAs that lack the respective 3′-UTR
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regions and that therefore cannot be inhibited by miR-34a in U87 cells (c-Met) or 0308 stem
cells (Notch) prior to transfection with miR-34a and testing for cell cycle status and apoptosis.
The results show that forced c-Met expression partially but significantly rescues miR-34a-
induced cell cycle arrest (n=3 ; p<0.05) in U87 cells (Figure 4A) and that forced Notch1 and
Notch2 expressions partially but significantly rescue miR-34a-induced cell death (n=3 ;
p<0.05) in 0308 stem cells (Figure 4B). c-Met and Notch1 expression levels were verified by
immunoblotting which confirmed that miR-34a only partially inhibits forced c-Met or Notch1
expressions in the cells. Altogether, these data suggest that the effects of miR-34a on the cell
cycle are partially mediated by c-Met and Notch.

miR-34a expression inhibits in vivo glioblastoma xenograft growth
We assessed the effects of miR-34a expression on in vivo glioblastoma xenograft growth. Pre-
miR-34a or pre-miR-con were transfected ex vivo into U87 cells. The cells were subsequently
implanted in the striata of immunodeficient mice (n=10) and tumor sizes were measured after
4 weeks. miR-34a-transfected cells generated xenografts (3.4 ± 1.0 μm2) that were statistically
significantly smaller than control miR-transfected xenografts (22.1 ± 1.0 μm2) (p<0.05) (Figure
5). U87 cells transfected with miR-34a as described above were also tested for viability with
anchorage-independent growth in soft agar. The miR-34a-transfected cells formed colonies in
soft agar, albeit fewer and smaller colonies than control-transfected cells (not shown).
Therefore, miR-34a inhibits the in vivo growth of human glioma experimental tumors.

Discussion
We studied the role of miR-34a in brain tumors with a focus on glioblastoma. We found that
miR-34a inhibits c-Met in brain tumor cells and Notch-1/ Notch-2 in glioma cells and stem
cells via binding to the 3′UTRs. We also found that pre-miR-34a expression is lower in
glioblastoma tissues than in normal brain tissues and in mutant p53 tumors as compared to
wild type p53 glioblastomas. Moreover, we found a significant inverse correlation between
miR-34a expression and c-Met expression in these tissues. We showed that forced miR-34a
expression in brain tumor cells strongly inhibits cell proliferation, cell cycle progression, cell
survival, cell invasion and in vivo glioma xenograft growth but does not affect astrocyte
survival and cell cycle. We also showed that the effects of miR-34a on glioma cells are partially
mediated by c-Met and Notch downregulations. We therefore present the first comprehensive
study of the role of miR-34a in human gliomas.

In the last two years, a few studies have investigated the role of miR-34a in cancer. Our study
provides several new findings on this microRNA. We show for the first time that miR-34a
expression is reduced in human gliomas and that miR-34a levels inversely correlate with c-
Met levels in the same tumors. We also show for the first time that miR-34a targets Notch. We
show that miR-34a inhibits in vivo tumor growth and that it has no inhibitory effects on human
astrocyte growth. Our findings also show for the first time partial rescue of miR-34a-induced
cell cycle and cell death by forced c-Met and Notch expressions.

miR-34a was reported to be down-regulated in human cancer cell lines (22,30-32). In this
paper, we show that miR-34a expression is lower in human glioblastoma tissues than in normal
brain. The downregulation of miR-34a expression in glioblastoma could be associated with
the frequent deletion of chromosome 1p36, p53 mutations and CpG methylation of the miR-34a
promoter in these tumors. Allelic loss at 1p is seen in 70% to 85% of oligodendrogliomas and
20-30% of astrocytomas. Most 1p deletions in gliomas involve almost the entire chromosome
arm (33). miR-34a was reported to locate within chromosome 1p36 (34). It was also recently
shown that miR-34a was inactivated by aberrant CpG methylation in multiple types of cancer,
but brain tumors were not investigated (32). In addition, several groups have reported that p53
binds to and transactivates the miR-34a promoter (22-24). However, a correlation between
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downregulation of miR-34a expression and p53 mutations in tumor tissues was not described
before. We show that the level of miR-34a expression in wild-type p53 glioblastoma tissues
is higher compared with mutant p53 glioblastoma tissues. Moreover, we find that wild-type
p53 but not mutant p53 (R275H) can increase miR-34a luciferase activity. p53 mutations are
found in approximately 30% of all gliomas irrespective of tumor grade (35,36).

miR-34a has multiple predicted targets among which are many oncogenes. We chose to focus
on c-Met and Notch pathways because they are dysregulated in brain tumors and because they
are the subject of intensive research in our laboratories. c-Met, Notch-1 and Notch-2 are
frequently overexpressed in glioblastoma and medullloblastoma but the cause of their
overexpressions is not well understood (1,6,8,9,12,37). Our data which show that miR-34a is
downregulated in gliomas, that miR-34a inhibits c-Met and Notch expressions, and that
miR-34a levels inversely correlate with c-Met levels in human gliomas provide one potential
explanation for the overexpression of these oncogenes in gliomas.

We found that miR-34a expression strongly suppresses multiple malignancy endpoints in
glioblastoma and medulloblastoma. These effects are likely mediated by changes in a number
of miR-34 target mRNAs. Recent work indicates that miR-34a-induced cell cycle arrest could
be mediated by the inhibitory effects of miR-34a on E2F3, MYCN, CDK4, Cyclin E2,
CyclinD1 and BCL2 (30,31,34,38,39). miR-34a also directly binds to SIRT1 and regulates cell
proliferation and cell survival via SIRT-1-p53 (40). Here, we show that c-Met and Notch
inhibitions contribute to miR-34a tumor suppressive effects, as c-Met and Notch expressions
partially rescue the effects of miR-34a on cell cycle and cell death. The strong inhibitory effects
of miR-34a on malignancy are further demonstrated by the effects on in vivo xenograft growth.
The anti-tumor effects of miR-34a are probably achieved via targeting of multiple oncogenes.
Interestingly, miR-34a transfection into human astrocytes only marginally affected cell death
and cell cycle. This suggests that while restoration of miR-34a to cells in which it is
downregulated will inhibit malignancy via inhibition of multiple oncogenes, transfection into
cells in which miR-34a has normal expression levels and in which oncogene expression is low
will not affect cell death. Consequently, miR-34a might serve as a potential cancer and glioma
therapeutic agent.

Altogether, this study provides new insights into the role of miR-34a in human brain tumors.
It shows that miR-34a is deregulated in gliomas and that miR-34a potently inhibits brain tumor
growth by targeting multiple oncogenes. The study also suggests that miR-34a might serve as
a brain tumor therapeutic agent.

Acknowledgments
Supported by NIH grant RO1 NS045209 (RA) and a University of Virginia Cancer Center Pilot Project Grant (RA).

References
1. Li Y, Lal B, Kwon S, et al. The scatter factor/hepatocyte growth factor: c-met pathway in human

embryonal central nervous system tumor malignancy. Cancer Res 2005;65:9355–62. [PubMed:
16230398]

2. Laterra J, Nam M, Rosen E, Rao JS, Johnston P. Scatter factor/hepatocyte growth factor gene transfer
to 9L glioma cells enhances glioma growth and angiogenesis in vivo. Lab Invest 1997;76:565–77.
[PubMed: 9111517]

3. Abounader R, Ranganathan S, Lal B, et al. Reversion of human glioblastoma malignancy by U1 small
nuclear RNA/ribozyme targeting of scatter factor/hepatocyte growth factor and c- met expression. J
Natl Cancer Inst 1999;91:1548–56. [PubMed: 10491431]

4. Rosen EM, Laterra J, Joseph A, et al. Scatter factor expression and regulation in human glial tumors.
Intl J Cancer 1996;67:248–55.

Li et al. Page 8

Cancer Res. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



5. Moriyama T, Kataoka H, Kawano Y, et al. Comparative analysis of expression of hepatocyte growth
factor and its receptor, c-met, in gliomas, meningiomas and schwannomas. Canc Lett 1998;124:149–
55.

6. Koochekpour S, Jeffers M, Rulong S, et al. Met and hepatocyte growth factor/scatter factor expression
in human gliomas. Cancer Res 1997;57:5391–8. [PubMed: 9393765]

7. Abounader R, Laterra J. Scatter factor/hepatocyte growth factor in brain tumor growth and
angiogenesis. Neuro-oncol 2005;7:436–51. [PubMed: 16212809]

8. Purow BW, Haque RM, Noel MW, et al. Expression of Notch-1 and its ligands, Delta-like-1 and
Jagged-1, is critical for glioma cell survival and proliferation. Cancer Res 2005;65:2353–63. [PubMed:
15781650]

9. Purow BW, Sundaresan TK, Burdick MJ, et al. Notch-1 regulates transcription of the epidermal growth
factor receptor through p53. Carcinogenesis 2008;29:918–25. [PubMed: 18359760]

10. Fan X, Matsui W, Khaki L, et al. Notch pathway inhibition depletes stem-like cells and blocks
engraftment in embryonal brain tumors. Cancer Res 2006;66:7445–52. [PubMed: 16885340]

11. Shih AH, Holland EC. Notch signaling enhances nestin expression in gliomas. Neoplasia
2006;8:1072–82. [PubMed: 17217625]

12. Kanamori M, Kawaguchi T, Nigro JM, et al. Contribution of Notch signaling activation to human
glioblastoma multiforme. J Neurosurg 2007;106:417–27. [PubMed: 17367064]

13. Mendrzyk F, Radlwimmer B, Joos S, et al. Genomic and protein expression profiling identifies CDK6
as novel independent prognostic marker in medulloblastoma. J Clin Oncol 2005;23:8853–62.
[PubMed: 16314645]

14. Lam PY, Di Tomaso E, Ng HK, Pang JC, Roussel MF, Hjelm NM. Expression of p19INK4d, CDK4,
CDK6 in glioblastoma multiforme. Br J Neurosurg 2000;14:28–32. [PubMed: 10884881]

15. Pierson J, Hostager B, Fan R, Vibhakar R. Regulation of cyclin dependent kinase 6 by microRNA
124 in medulloblastoma. J Neurooncol 2008;90:1–7. [PubMed: 18607543]

16. Ambros V, Lee RC. Identification of microRNAs and other tiny noncoding RNAs by cDNA cloning.
Methods Mol Biol 2004;265:131–58. [PubMed: 15103073]

17. Pillai RS, Bhattacharyya SN, Filipowicz W. Repression of protein synthesis by miRNAs: how many
mechanisms? Trends Cell Biol 2007;17:118–26. [PubMed: 17197185]

18. Caldas C, Brenton JD. Sizing up miRNAs as cancer genes. Nat Med 2005;11:712–4. [PubMed:
16015356]

19. Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat Rev Cancer 2006;6:857–66.
[PubMed: 17060945]

20. Kefas B, Godlewski J, Comeau L, et al. microRNA-7 inhibits the epidermal growth factor receptor
and the Akt pathway and is down-regulated in glioblastoma. Cancer Res 2008;68:3566–72. [PubMed:
18483236]

21. Gaur A, Jewell DA, Liang Y, et al. Characterization of microRNA expression levels and their
biological correlates in human cancer cell lines. Cancer Res 2007;67:2456–68. [PubMed: 17363563]

22. Chang TC, Wentzel EA, Kent OA, et al. Transactivation of miR-34a by p53 broadly influences gene
expression and promotes apoptosis. Mol Cell 2007;26:745–52. [PubMed: 17540599]

23. Raver-Shapira N, Marciano E, Meiri E, et al. Transcriptional activation of miR-34a contributes to
p53-mediated apoptosis. Mol Cell 2007;26:731–43. [PubMed: 17540598]

24. Tarasov V, Jung P, Verdoodt B, et al. Differential regulation of microRNAs by p53 revealed by
massively parallel sequencing: miR-34a is a p53 target that induces apoptosis and G1-arrest. Cell
Cycle 2007;6:1586–93. [PubMed: 17554199]

25. He L, He X, Lim LP, et al. A microRNA component of the p53 tumour suppressor network. Nature
2007;447:1130–4. [PubMed: 17554337]

26. Li N, Fu H, Tie Y, et al. miR-34a inhibits migration and invasion by down-regulation of c-Met
expression in human hepatocellular carcinoma cells. Cancer Lett. 2008

27. Yan D, Zhou X, Chen X, et al. MicroRNA-34a Inhibits Uveal Melanoma Cell Proliferation and
Migration through Downregulation of c-Met. Invest Ophthalmol Vis Sci. 2008

Li et al. Page 9

Cancer Res. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



28. Li Y, Guessous F, Johnson EB, et al. Functional and molecular interactions between the HGF/c-Met
pathway and c-Myc in large-cell medulloblastoma. Lab Invest 2008;88:98–111. [PubMed:
18059365]

29. Li Y, Guessous F, Kwon S, et al. PTEN has tumor-promoting properties in the setting of gain-of-
function p53 mutations. Cancer Res 2008;68:1723–31. [PubMed: 18339852]

30. Welch C, Chen Y, Stallings RL. MicroRNA-34a functions as a potential tumor suppressor by inducing
apoptosis in neuroblastoma cells. Oncogene 2007;26:5017–22. [PubMed: 17297439]

31. Tazawa H, Tsuchiya N, Izumiya M, Nakagama H. Tumor-suppressive miR-34a induces senescence-
like growth arrest through modulation of the E2F pathway in human colon cancer cells. Proc Natl
Acad Sci U S A 2007;104:15472–7. [PubMed: 17875987]

32. Lodygin D, Tarasov V, Epanchintsev A, et al. Inactivation of miR-34a by aberrant CpG methylation
in multiple types of cancer. Cell Cycle 2008;7:2591–600. [PubMed: 18719384]

33. Barbashina V, Salazar P, Holland EC, Rosenblum MK, Ladanyi M. Allelic losses at 1p36 and 19q13
in gliomas: correlation with histologic classification, definition of a 150-kb minimal deleted region
on 1p36, and evaluation of CAMTA1 as a candidate tumor suppressor gene. Clin Cancer Res
2005;11:1119–28. [PubMed: 15709179]

34. Wei JS, Song YK, Durinck S, et al. The MYCN oncogene is a direct target of miR-34a. Oncogene
2008;27:5204–13. [PubMed: 18504438]

35. Louis DN. The p53 gene and protein in human brain tumors. J Neuropathol Exp Neurol 1994;53:11–
21. [PubMed: 8301315]

36. Zupanska A, Kaminska B. The diversity of p53 mutations among human brain tumors and their
functional consequences. Neurochem Int 2002;40:637–45. [PubMed: 11900859]

37. Fan X, Mikolaenko I, Elhassan I, et al. Notch1 and notch2 have opposite effects on embryonal brain
tumor growth. Cancer Res 2004;64:7787–93. [PubMed: 15520184]

38. Sun F, Fu H, Liu Q, et al. Downregulation of CCND1 and CDK6 by miR-34a induces cell cycle arrest.
FEBS Lett 2008;582:1564–8. [PubMed: 18406353]

39. Cole KA, Attiyeh EF, Mosse YP, et al. A functional screen identifies miR-34a as a candidate
neuroblastoma tumor suppressor gene. Mol Cancer Res 2008;6:735–42. [PubMed: 18505919]

40. Yamakuchi M, Ferlito M, Lowenstein CJ. miR-34a repression of SIRT1 regulates apoptosis. Proc
Natl Acad Sci U S A 2008;105:13421–6. [PubMed: 18755897]

Li et al. Page 10

Cancer Res. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. miR-34a inhibits the expression of multiple oncogenes and binds to their 3′UTR in brain
tumor cells
A) Glioma cells and stem cells, medulloblastoma cells or astrocytes were transfected with
either pre-miR-34a or pre-miR-con for 72 hrs. c-Met, Notch-1, Notch-2 and CDK6 protein
levels were measured by immunoblotting. The results show that miR-34a expression
downregulates c-Met, Notch-1, Notch-2 and CDK6 protein levels (right panels). The predicted
seed matching between miR-34a and the oncogenes' 3′UTR sequences is shown in the left
panels. B) Glioma cells were transfected with pre-miR-34a or pre-miR-con for 24 hrs prior to
transfection with either c-Met 3′UTR, Notch-1 3′UTR, Notch-2 3′UTR or control reporter
plasmids together with β-Gal plasmids for 48 hrs and 3′UTR reporter activity was measured
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by a luciferase assay and normalized to β-Gal. The results show that miR-34a expression
downregulates c-Met, Notch-1 and Notch-2 luciferase activities in the cells. NICD = Notch
intracellular domain. * = p<0.05.
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Figure 2. Expression of miR-34a in human gliomas and correlation to c-Met and p53
A) miR-34a levels were measured by qRT-PCR in 11 glioblastoma surgical specimens and 6
normal brain samples and normalized to 18S rRNA measured in the same samples (arbitrary
units). The results show that average levels of miR-34a in gliomas are lower than in normal
brain. B) The p53 status of the glioma specimens described in (A) were determined. The blots
show that average expression of miR-34a in wild-type p53 glioblastoma tumors (n=7) is
significantly higher than miR-34a expression in mutant p53 tumors. C) c-Met expression in
the same tissues described in (A) was measured by RT-PCR and normalized to β-Actin. Plotting
of miR-34a vs. c-Met expressions shows an inverse correlation between them. D) Glioma cells
were transfected with miR-34a for 48 hrs prior to measurement of c-Met mRNA levels by RT-
PCR. The results show that miR-34a reduces c-Met mRNA levels. * = p<0.05.
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Figure 3. miR-34a inhibits brain tumor cell proliferation, cell cycle progression, cell survival and
cell invasion
Glioma and medulloblastoma cells were transfected with pre-miR-34a or pre-miR-con and
subsequently assessed for cell proliferation by cell counting (A), for cell cycle by propidium
iodide flow cytometry (B), for apoptosis by Annexin V flow cytometry and cleaved PARP
immunoblotting (C) and for invasion by a transwell invasion assay (D). The results show that
miR-34a strongly inhibits cell proliferation (A), induces cell cycle arrest (B), induces apoptosis
(C) and inhibits transwell cell invasion (D). * = p<0.05.
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Figure 4. c-Met and Notch expressions partially rescue cell cycle arrest and cell death induced by
miR-34a
A) U87 cells were transfected with 5 μg pcDNA-Met or pcDNA control for 6 hrs prior to
transfection with pre-miR-34a or pre-miR-con for 48 hrs. The cell cycle status of the transfected
cells was analyzed by propidium iodide flow cytometry. c-Met expression changes were
analyzed by immunoblotting. The results show that overexpression of 3′UTR-deleted c-Met
partially rescues the cells from miR-34a-induced cell cycle arrest. B) 0308 stem cells were
transfected with 2.5 μg pcDNA-Notch1 and 2.5 μg pcDNA-Notch2 or 5 μg pcDNA-control
for 6 hrs prior to transfection with pre-miR-34a or pre-miR-con for 48 hrs. Apoptosis of the
transfected cells was analyzed by Annexin V flow cytometry. Notch1 expression changes were
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analyzed by immunoblotting. The results show that overexpression of 3′UTR-deleted Notch1
and Notch2 partially rescues the cells from miR-34a-induced cell death. * = p<0.05.
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Figure 5. miR-34a expression inhibits in vivo glioma xenograft growth
U87 cells were transfected with pre-miR-34a or pre-miR-con for 24 hrs. The transfected cells
were implanted into the brains of immunodeficient mice (n=10). After 4 weeks, the mice were
euthanized and the brains were cryosectioned and H&E stained. Tumor sizes were measured
with computer-assisted image analysis. The results show that miR-34a inhibits in vivo
glioblastoma xenograft growth. * = p<0.05.
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