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Abstract

We recently found that microRNA-34a (miR-34a) is downregulated in human glioma tumors as
compared to normal brain, and that miR-34a levels in mutant-p53 gliomas were lower than in
wildtype-p53 tumors. We showed that miR-34a expression in glioma and medulloblastoma cells
inhibits cell proliferation, G1/S cell cycle progression, cell survival, cell migration and cell
invasion, but that miR-34a expression in human astrocytes does not affect cell survival and cell
cycle. We uncovered the oncogenes c-Met, Notch-1 and Notch-2 as direct targets of miR-34a that
are inhibited by miR-34a transfection. We found that c-Met levels in human glioma specimens
inversely correlate with miR-34a levels. We showed that c-Met and Notch partially mediate the
inhibitory effects of miR-34a on cell proliferation and cell death. We also found that mir-34a
expression inhibits in vivo glioma xenograft growth. We concluded that miR-34a is a potential
tumor suppressor in brain tumors that acts by targeting multiple oncogenes. In this extra view, we
briefly review and discuss the implications of these findings and present new data on the effects of
miR-34a in glioma stem cells. The new data show that miR-34a expression inhibits various
malignancy endpoints in glioma stem cells. Importantly, they also show for the first time that
miR-34a expression induces glioma stem cell differentiation. Altogether, the data suggest that
miR-34a is a tumor suppressor and a potential potent therapeutic agent that acts by targeting
multiple oncogenic pathways in brain tumors and by inducing the differentiation of cancer stem
cells.
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Introduction

microRNAs are small noncoding regulatory RNA molecules, with profound impact on a
wide array of biological processes.12 microRNAs modulate protein expression by binding to
the 3’ untranslated region (3'UTR) of MRNA and promoting RNA degradation, inhibiting
mRNA translation, and also affecting transcription.3 microRNAs are aberrantly expressed in
a wide variety of human cancers where they are thought to play important roles by
regulating the expression of various oncogenes and tumor suppressors.3-6
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microRNA-34a (miR-34a) has been the focus of cancer-associated research in the last few
years. It was originally uncovered as a potential tumor suppressor that is downregulated and
that induces apoptosis in neuroblastoma cells.” Shortly afterwards, it received great notoriety
when a few studies almost simultaneously reported that it was a transcriptional target of
p53.8-11 Since then, a number of studies have addressed the deregulation, functions and
MRNA targets of miR-34a in various cancers. It was shown that miR-34a is downregulated
in cells or tumors of cancer including colon cancer, leukemia, hepatocellular carcinoma and
non-small cell lung cancer.12-15 Functionally, miR-34a was found to affect tumor cell
apoptosis, senescence, proliferation and invasion.”10:12.14.16 miR-34a possesses hundreds of
predicted mRNA targets. A few of these have been experimentally verified and include
oncogenes such as MYC, CDK®6, SIRT1 and c-Met.11.16-18

In a recently published study, our group investigated the expression, functional effects,
targets and potential therapeutic use of miR-34a in human brain tumors.® We showed that
miR-34a is downregulated in glioblastoma tumors and that its expression levels inversely
correlate with the levels of c-Met in the tumors. We found that miR-34a inhibits
glioblastoma cell proliferation, survival, migration and invasion by targeting c-Met and
Notch. We also showed that in vivo expression of miR-34a inhibits glioblastoma xenograft
growth.19 In this extra view, we briefly review and discuss the implications of these findings
and present new data on the effects of miR-34a on glioma stem cell malignancy and
differentiation.

Deregulation of miR-34a in Brain Tumors

We recently found that miR-34a expression is lower in human glioblastoma tumors than in
normal human brain.1® Within the tumor samples, miR-34a levels were lower in mutant p53
tumors than in wildtype p53 samples but the difference in miR-34a levels was smaller than
the one measured between tumors and normal tissue. This suggests that p53 mutations do
not completely account for the decrease in miR-34a expression in glioblastoma and that
other pathological mechanisms are involved in miR-34a downregulation in these tumors.
miR-34a was reportedly located within chromosome 1p36.17 Allelic loss at 1p is seen in
70% to 85% of oligodendrogliomas and 20% to 30% of astrocytomas and most 1p deletions
in gliomas involve almost the entire chromosome arm.20 Therefore, miR-34a expression loss
might be partly a resultant of its gene deletion. It was also recently shown that miR-34a is
inactivated by aberrant CpG methylation in multiple types of cancer, although brain tumors
were not investigated.?! Therefore, miR-34a down-regulation in glioblastoma could be a
resultant of multiple mechanisms including transcriptional downregulation due to p53
mutations, chromosomal deletion and epigenetic regulation. Understanding the relative
contribution of these mechanisms could be of relevance especially for oligendendrogliomas
where 1p deletions are very frequent and where the resulting miR-34a loss could contribute
to the malignancy of this glioma subtype.

Targets and Functional Effects miR-34a in Brain Tumors

miR-34a has a very large number of predicted targets among which are several oncogenes.
We recently assessed the effects of miR-34a on a few oncogenes that were selected based on
their known roles in brain tumors. We found that miR-34a expression inhibits c-Met in
human glioma and medulloblastoma cells and Notch-1, Notch-2 and CDK®6 protein
expressions in glioma cells but did not affect PDGFRA expression in any brain tumor
cells.1® miR-34a expression also inhibited c-Met reporter activities in glioma and
medulloblastoma cells and Notch-1 and Notch-2 3'-untranslated region reporter activities in
glioma cells and stem cells, indicating that c-Met, Notch-1 and Notch-2 are direct targets of
miR-34a. Notably also, c-Met levels in the human glioma specimens described in the
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previous section inversely correlated with miR-34a levels measured in the same tumors.
This suggests that miR-34a is an important regulator of c-Met expression and that miR-34a
downregulation might be partly responsible for c-Met oncogene overexpression as observed
in human gliomas.22 Functionally, miR-34a strongly inhibited cell proliferation, cell cycle
progression, cell survival and cell invasion in glioma and medulloblastoma cell lines as well
as in vivo glioma xenograft growth, but did not affect cell survival and cell cycle status in
human astrocytes. Expression of c-Met or Notch-1/Notch-2 transcripts lacking the 3'-
untranslated region sequences partially rescued the effects of miR-34a on cell cycle arrest
and cell death in glioma cells and stem cells, respectively. Therefore, miR-34a inhibited
brain tumor malignancy and growth in part by directly inhibiting the expression of c-Met
and Notch, two pathways that play important roles in glioma and medulloblastoma
malignancy.23-30 Together with the expression data described in the previous section, these
findings suggest that miR-34a is a tumor suppressor in gliomas that acts via inhibition of c-
Met, Notch and probably also other oncogenic pathways. The involvement of additional
oncogenes in mediating the tumor suppressive effects of miR-34a is supported by the
incomplete rescue by c-Met or Notch of miR-34a-mediated tumor suppression. The data also
suggest that miR-34a could serve as a new potent experimental therapeutic agent in gliomas.
In fact, miR-34a exhibited a very strong anti-tumor effect in both glioma cells and
xenografts but not in astrocytes. The potent anti-tumor effects of miR-34a can be explained
by the simultaneous inhibition of several oncogenes. The differential effect on tumor cells
vs. normal cells could be due to the fact that restoration of miR-34a to cells in which it is
downregulated will inhibit malignancy via inhibition of upregulated oncogenes, while
transfection into cells in which miR-34a has normal expression levels and in which
oncogene expression is already low will not affect cell death. Importantly, for miR34a to be
successfully used as a therapeutic agent, it should theoretically also exert inhibitory effects
on cancer stem cell malignancy. We therefore assessed the effects of miR-34a on glioma
stem cell malignancy and differentiation and present these new findings below.

Results and Discussion

miR-34a transfection into 0308 and 1228 glioma stem cells led to a modest inhibition of cell
proliferation (Fig. LA). miR-34a also induced a modest G4/S cell cycle arrest in both glioma
stem cell lines (Fig. 1B). Therefore, unlike in differentiated glioma cells where miR-34a
substantially inhibited proliferation, miR-34a only slightly affected glioma stem cell
proliferation. miR-34a significantly induced apoptosis in both glioma stem cells that were
tested (Fig. 1C). miR-34a also inhibited migration in one glioma stem cell line (Fig. 1D).
Therefore, miR-34a inhibits selected malignancy endpoints in glioma stem cells but these
effects are generally less pronounced than in differentiated glioma cells as we had shown in
our previous study.

Importantly, miR-34a significantly induced the differentiation of glioma stem cell lines.
Transfection of miR-34a into 0308 and 1228 cells led to decreases in immunostaining of the
stem cell markers CD133 and nestin and increases in immunostaining of the astrocyte
marker GFAP, and the oligodendrocyte marker claudin-11 in both stem cell lines and the
neuronal marker Tuj-1 in 0308 cells (Fig. 2). These data suggest that miR-34a reduces
glioma stemness and induces cell differentiation into astrocytes, neurons and
oligodendrocytes.

The above data show for the first time that miR-34a regulates glioma stem cell malignancy
and differentiation. Interestingly, preliminary data from our lab show that miR-34a levels in
glioma stem cells are significantly lower than in differentiated wildtype p53 glioma cell
lines. Together, the above data indicate a role for miR-34a in glioma stem cells and suggest
that dysregulation of this microRNA might have a role in gliom-agenesis. The data also
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suggest that if feasible, restoration of miR-34a expression for therapeutic purposes could
achieve strong anti-tumor effects not only by inhibiting differentiated glioma cell
malignancy but also by targeting glioma stem cells and inducing their differentiation.

Effects of miR-34a on Glioma Stem Cell Malignancy and Differentiation

Methods

The effects of miR-34a on glioblastoma stem cell proliferation, death, migration and
differentiation were investigated as described below. The stem cells (0308 and 1228) were a
kind gift from Dr. Howard Fine (NIH).3! They were grown in serum-free neurobasal media
(Invitrogen), supplemented with human recombinant EGF, bFGF (R&D systems) at 37°C in
5% C0O»-95% O,. Pre-miR-34a and control microRNA (miR-con) (Ambion), transfections
(30 nM) were performed using Oligofectamine reagent (Invitrogen) according to the
instructions of the manufacturer.

To assess the effect of miR-34a on stem cell growth, 30,000 cells/well were transfected with
pre-miR-34a or pre-miR-control. The cells were harvested every day, starting from the
fourth day after transfection, counted for 5 days with a hemocytometer and growth curves
were established. To assess the effects of miR-34a on the cell cycle, the stem cells were
transfected with pre-miR-34a or pre-miR-con. Four days after transfection, the cells were
fixed in 70% (v/v) ethanol, treated with 20 pg DNase-free RNase and stained with
propidium iodide. The cells were then analyzed on a FACscan (Becton-Dickinson,
Fullerton) and Gg/G1, S and G,/M fractions were determined.

The effects of miR-34a expression on cell apoptosis were assessed by Annexin V-PE flow
cytometry as previously described.32 Briefly, 0308 and 1228 glioma stem cells were
transfected with pre-miR-34a or pre-miR-con for 5 days. The cells were harvested and
stained with Annexin V-PE according to the instructions of the manufacturer. Cell samples
were analyzed on a FACsan and apoptotic fractions were determined.

To investigate the effects of miR-34a on glioma stem cells migration, 6-well plates were
coated with L-poly-ornithine to induce stem cell attachment to the plates. 1228 glioma stem
cells were seeded in the coated wells and scratch wounds were made in the middle of the
plates with sterile pipette tips. The glioma stem cells were transfected with pre-miR-34a or
pre-miR-con. Forty eight hours later, pictures of migrating cells were taken.

To study the effect of miR-34a on stem cell differentiation, 0308 and 1228 glioma stem cells
were plated on L-poly-ornithine-coated dishes and then transfected with pre-miR-34a or pre-
miR-con. Three days later, the cells were harvested, plated on slides by cytospin and
subjected to immunohistochemistry staining for the stem cell markers CD133 and nestin,
and the differentiation markers GFAP (astrocytes), Tuj-1 (neurons) and claudin-11
(oligodendrocytes). Representative fields were photographed at 40x magnification. Of note
is that this assay does not allow the identification of cell shape and morphology as all cells
are centrifuged immediately before fixation and therefore appear round in shape.

All experiments were performed in triplicates. Numerical data were expressed as mean +
standard deviation. Two group comparisons were analyzed by two-sided Student’s t test. p
values were determined and p < 0.05 was considered significant.

Conclusions

miR-34a is a putative tumor suppressor that is downregulated in gliomas via multiple
mechanisms. It exerts significant inhibitory effects on brain tumor malignancy and growth
by targeting oncogenic molecules and pathways including c-Met and Notch. It also inhibits
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glioma stem cell malignancy and induces stem cell differentiation. miR-34a is therefore
appears to be an important player in brain tumor malignancy and a promising therapeutic

ag

ent that might have greater differential effects on tumor cells and tumor stem cells than on

the normal brain.
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Figure 1.

miR-34a inhibits glioma stem cell malignancy. (A and B) Glioma stem cells 0308 and 1228
were transfected with miR-34a or miR-con (30 nM). The cells were harvested 4 days post-
transfection and assessed for cell proliferation by cell counting over 5 days, or for cell cycle
by propidium iodide flow cytometry 5 days post-transfection. The results show that miR-34a
slightly inhibits cell proliferation and induces G;/S cell cycle arrest in both glioma stem
cells. (C) The glioma stem cells 0308 and 1228 were transfected with miR-34a or miR-con
(30 nM). The cells were assessed for apoptosis 5 days post-transfection using Annexin V
flow cytometry. The results show that miR-34a induces apoptosis in both glioma stem cells.
(D) 1228 glioma stem cells were seeded on L-poly-polyornithine-coated plates and
transfected with miR-34a or miR-con (30 nM). 48 hours post-transfection, the cells were
assessed for migration using the scratch/wound assay. Cells that migrated into the scratch
were photographed at 40x magnification. The results show that miR-34a inhibits cell
migration in 1228 stem cells *p < 0.05.
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Figure 2.

miR-34a induces glioma stem cell differentiation. 1228 and 0308 glioma stem cells were
plated in L-poly-ornithine-coated dishes overnight and then transfected with pre-miR-34a or
pre-miR-con for 3 days. The cells were then subjected to immunohistochemistry staining for
the stem cell markers CD133 and nestin and the differentiation markers GFAP (astrocytes),
Tuj-1 (neurons) and Claudin-11 (oligodendrocytes). Representative photomicrographs show
that miR-34a decreases CD133 and nestin immunostatining and increases GFAP, and
claudin-11 immunostaining in both stem cell lines and Tuj-1 immunostaining in 0308.

Cell Cycle. Author manuscript; available in PMC 2012 February 13.



