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The Neuronal MicroRNA miR-326 Acts in a Feedback Loop
with Notch and Has Therapeutic Potential against Brain
Tumors
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Little is known of microRNA interactions with cellular pathways. Few reports have associated microRNAs with the Notch pathway, which
plays key roles in nervous system development and in brain tumors. We previously implicated the Notch pathway in gliomas, the most
common and aggressive brain tumors. While investigating Notch mediators, we noted microRNA-326 was upregulated following Notch-1
knockdown. This neuronally expressed microRNA was not only suppressed by Notch but also inhibited Notch proteins and activity,
indicating a feedback loop. MicroRNA-326 was downregulated in gliomas via decreased expression of its host gene. Transfection of
microRNA-326 into both established and stem cell-like glioma lines was cytotoxic, and rescue was obtained with Notch restoration.
Furthermore, miR-326 transfection reduced glioma cell tumorigenicity in vivo. Additionally, we found microRNA-326 partially mediated
the toxic effects of Notch knockdown. This work demonstrates a microRNA-326/Notch axis, shedding light on the biology of Notch and

suggesting microRNA-326 delivery as a therapy.

Introduction

MicroRNAs (miRNAs or miRs) are a class of small noncoding
RNAs recently discovered to be endogenously expressed in
plants and animals, including humans. A microRNA is first
transcribed from an intron or intergenic region as a long pri-
mary microRNA (pri-miRNA), then processed in the nucleus
to a pre-microRNA hairpin (pre-miRNA) by the ribonuclease
enzyme Drosha. The pre-miRNA is exported to the cell cyto-
plasm, where it is excised by Dicer to a 19-23 nt mature form
that binds with partial complementarity to sites in the 3'-UTR
of numerous target genes (Murchison and Hannon, 2004).
Binding of miRNAs leads to interference with translation or,
less frequently, cleavage of target mRNAs (Yekta et al., 2004).
miRNAs have been implicated in the regulation of stem cells,
differentiation, and tumor formation and inhibition (Chan et
al., 2005; Ciafre et al., 2005; Croce and Calin, 2005). There is,
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however, little known of the regulation of miRNAs and their
interaction with major signaling pathways.

We showed previously that microRNA-7 inhibits two central
oncogenic pathways in cancer, epidermal growth factor receptor
(EGFR) and the Akt pathway (Kefas et al., 2008). Both pathways
play a major role in the pathogenesis of gliomas, the most com-
mon and lethal brain tumor in adults. We demonstrated in other
work that the Notch pathway also plays an important role in
glioma cell survival (Purow et al., 2005). Notch is critical in stem
cell maintenance and cell survival, as well as in cell fate decisions
such as neuronal versus glial fate in the developing nervous sys-
tem (Henrique et al., 1997; Gaiano et al., 2000; Morrison et al.,
2000; Amsen et al., 2004; Oishi et al., 2004; Weng et al., 2004;
Stylianou et al., 2006). The four Notch receptors are activated via
binding by a ligand on an adjacent cell. This triggers enzymatic
cleavages by a-secretase and y-secretase that liberate the Notch
intracellular domain (NICD), which travels to the nucleus and
recruits activators to the CBF1 transcription factor. This drives
expression of Notch mediators such as the Hes and Hey tran-
scription factors, but clearly other mediators of Notch have yet to
be discovered.

To find potential microRNA mediators of Notch effects in
glioma, we performed miRNA microarray analysis of glioma
tumor stem cells transfected with either control siRNA or
Notch-1 siRNA. One of the miRNAs significantly increased
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Figure 1.  Notch-1knockdown increases expression and activity of miR-326. 4, Plot of microRNA microarray expression data from 0308 GTSC cells transfected with Notch-1 siRNA versus control

siRNA, with log relative expression in Notch-1 siRNA samples on the y-axis and log intensity on the x-axis. Increased expression of miR-326 in Notch-1 siRNA samples versus control siRNA samples
isshown ( p < 0.05). Note that the analysis software automatically sets the fold change at 100-fold when the signal in one of the comparators is undetectable. B, Sensitivity of miR-326 reporter to
miR-326 in brain tumor lines. Normalized luciferase activity of miR-326 activity reporter plasmid in U87MG and 0308 tumor stem cell glioma lines and DAOY medulloblastoma cell line 3 d after
transfection with control pre-miR or pre-miR-326 (**p << 0.01). €, miR-326 reporter s responsive to both miR-326 and amiR-326 inhibitor. Normalized luciferase activity of miR-326 activity reporter
plasmid in DAOY cells 3 d after transfection with control pre-miR or pre-miR-326 alone or together with control miR inhibitor or miR-326 inhibitor (**p << 0.01). D, Notch-1 knockdown increases
miR-326 activity. Normalized luciferase activity of miR-326 activity reporter plasmid in the 0308 GTSC line or the DAOY medulloblastoma cell line 3 d after transfection with control siRNA or Notch-1
siRNA (**p << 0.01 and *p << 0.05). E, A small-molecule Notch inhibitor increases miR-326 expression. Q-PCR indicating normalized miR-326 expression of 0308 GTSC cells treated for 4 d with 25

jum DAPT or equal vol:vol DMSO vehicle ( p << 0.002).

with Notch-1 knockdown was miR-326, first identified in a
report of microRNAs expressed in neurons (Kim et al., 2004).
miR-326 had also been noted previously on a list of microRNAs
elevated in zebrafish embryos treated with a Notch inhibitor
(Thatcher et al., 2007). Our work not only indicated suppression
of this microRNA by Notch, but also showed that Notch pathway
members and activity were inhibited by miR-326. We found low
expression of miR-326 in gliomas, and forced expression of this
miRNA in glioma cells was cytotoxic in both standard glioma
lines and more resistant glioma tumor stem cell-like lines. Trans-
fection with miR-326 markedly reduced in vivo tumorigenicity of
glioma cells in an orthotopic mouse model. Importantly, rescue
experiments demonstrated that the phenotypic effects of Notch
and miR-326 were each partially mediated by suppression of the
other. These results suggest a microRNA-326/Notch axis with
potential therapeutic implications.

Materials and Methods

Cell culture. Glioma cell lines U§7MG, U251MG, T98G, U373MG, A172,
and medulloblastoma cell line DAOY were all acquired from American
Type Culture Collection. Tumor stem cell line 0308 was derived and
validated as described previously (Lee et al., 2006). All cell lines were
grown under previously described conditions (Purow et al., 2005; Kefas
et al., 2008).

Materials. Pre-miR-control and pre-miR-326 were purchased from
Applied Biosystems/Ambion; control-miR-hairpin-inhibitor and
miR-326-hairpin-inhibitor were purchased from Thermo Scientific

Dharmacon. Notch-2 siRNA was from Santa Cruz Biotechnology,
Notch-1 control siRNAs was from Qiagen (Purow et al., 2005), and
control siRNAs were from Santa Cruz Biotechnology and Qiagen.
The y-secretase inhibitor DAPT (N-[(3,5-difluorophenyl)acetyl]-L-
alanyl-2-phenyl]glycine-1,1-dimethylethyl ester) was obtained from
Sigma-Aldrich.

Transfection of cells. Notch-1 siRNA and microRNA-326 transfections
were as described previously using the oligofectamine reagent (Invitro-
gen) at 20 nM (Purow et al,, 2005). For 0308 tumor stem cells, the plates
were first coated with laminin and poly-L-ornithine (Sigma-Aldrich).
Transfection of reporter plasmids and the Notch-1 full-length plasmid
were done with Fugene HD or Fugene 6 for U87 (Roche Diagnostics).
Plasmid transfections were in six-well plates with 1.0 ug of reporter
plasmid plus 0.05 pg of CMV-B-galactosidase or with 1.5 ug of Notch-
1/control plasmid.

MicroRNA microarray. The 0308 GBM tumor stem cell line was trans-
fected with Notch-1 or control siRNAs as described and frozen pelleted
cells shipped to Cogenics (a division of Clinical Data). RNA was extracted
from frozen cell pellets using the Qiagen miRNeasy Mini Kit, essentially
as described by the manufacturer (Qiagen Part #217004). RNA samples
(100 ng) were labeled using the miRNA Complete Labeling and Hyb Kit
from Agilent Technologies (Part #5190-0408) as described by the man-
ufacturer. Labeled cRNAs were hybridized to Agilent Human (V2)
miRNA Microarrays (part # G4470B) and scanned with an Agilent DNA
Microarray Scanner. Scanned image files were visually inspected and
converted into data files using Agilent Feature Extraction Software. Two
replicates were performed with each experimental condition, and two
arrays were performed for each of those replicates. The miRNA ex-
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Figure 2.

or pre-miR-326 (*p << 0.05).

pression data from the biologic replicates were combined into an
error-weighted average using the Rosetta Resolver Gene Expression
Data Analysis System. Comparisons were made for expression of each
microRNA between the Notch-1 siRNA and control siRNA condi-
tions, generating metrics including fold change and p value.

Plasmid construction. For the Notch-1 and -2 3’-UTR reporter plas-
mids, these regions were first amplified from human genomic DNA using
High-Fidelity polymerase enzyme (New England Biolabs) and inserted
into the unique Xbal restriction site 3" to the luciferase gene in the pGL3-
promoter plasmid (Promega). miR-326 reporter insert (three copies of
the full site complementary to miR-326) were placed into the multiple
cloning site of p-miR-luciferase vector using HindIII and Spel restriction
enzymes (Applied Biosystems/Ambion.

Primer sequences were as follows: Notch-1-3"-UTR-F, 5'-GTAACT-
TCTAGACGACCAGAGGAGCCTTTTTAAAAC-3". Notch-1-3'-UTR-R,
5'-GTACCATCTAGACACCATCAGTATCATTTTTATTGC-3'. Notch-2-
3'-UTR-F, 5-GTAACTGCTAGCCTCCAGTGTAGAGACATAACTG-3'.
Notch-2-3"-UTR-R, 5'-GTACCAAAGCTTCATGTTCAAATATCT-
CACTGAC-3'".

Real-time PCR for Figure 3 studies. Patient samples were obtained with
approval from the Ohio State University and University of Virginia In-
stitutional Review Boards. Total RNA from patient samples was ex-
tracted according to the standard Trizol protocol (Invitrogen). For

Notch-2 3'UTR-reporter

Control-pre-miR

miR-326 inhibits the Notch pathway. A, miR-326 transfection decreases activity of a Notch reporter plasmid. Lucif-
erase activity normalized with protein concentration of U251MG cells stably expressing CBF-1 reporter plasmid 3 d after transfec-
tion with control pre-miR or pre-miR-326 (**p << 0.01). miR-326 targets Notch-1. B, Sites of miR-326 seed matches in the Notch-1
3'-UTR. ¢, Immunoblot showing protein expression of full-length and intracellular domain of Notch-1 (NICD-1) in the 0308 tumor
stem cell line 3 d after transfection with control pre-miR or pre-miR-326 (c-tubulin loading controls shown at bottom).
D, Normalized activity of Notch-13’-UTR luciferase reporter plasmid 3 d after transfection with control pre-miR or pre-miR-326
(*p < 0.05). miR-326 targets Notch-2. E, Sites of miR-326 seed matches in the Notch-2 3"-UTR. F, Imnmunoblot showing protein
expression of Notch-2 in U251MG cells 3 d after transfection with control pre-miR or pre-miR-326 (c-tubulin loading controls
shown atbottom). G, Normalized activity of Notch-2 3’ -UTR luciferase reporter plasmid 3 d after transfection with control pre-miR

columns (Qiagen). RNA was treated with
DNase I (Invitrogen). RT-PCR of 1 ug of RNA
* was performed using the miScript Reverse
Transcription Kit (Qiagen) and a miR-326-
. specific Primer Assay (5 ul per reaction) and
Universal Primers (5 ul per reaction) (both
Pre-miR-326 from Qiagen). a-Tubulin expression was used
as a control, with primer sequences AGAT-
CATTGACCTCGTGTTGGA and ACCAGT-
TCCCCCACCAAAG. The Bio-Rad iCycler
was used to carry out quantitative PCR using a
hot start, with 56 annealing (45 s) and 72 ex-
tension (45 s) for 40 cycles, followed by a melt
curve analysis.

Immunoblots. Immunoblots were performed
as previously described (Purow et al., 2005).
Primary antibodies included anti-Notch-1
(mN1A) (Santa Cruz Biotechnology), anti-
Notch-2 (8Al), anti-PARP, and anti-a-
tubulin (11H10) (Cell Signaling Technology).
Horseradish peroxidase-conjugated second-
ary antibodies to rabbit or mouse IgG were
used (1:10,000; Jackson ImmunoResearch
Laboratories).

Flow cytometry analysis of apoptosis/
propidium iodide and Hoescht 33342 staining.
Propidium iodide (PI) cell cycle flow cytom-
etry was performed on a FACSVantage SE (Becton Dickinson), and pro-
pidium iodide (PI)/Hoescht 33342 (HO) (Sigma) fluorescence
microscopy (Axiovert 135M, Carl Zeiss) assays were performed as previ-
ously described (Kefas et al., 2003, 2008; Purow et al., 2005).

Caspase-3/7 assay. Cells transfected with either control pre-miR or miR-
326 were washed with 1X PBS once and resuspended in 100 ul of PBS. Forty
microliters of the cells were mixed with 40 ul of caspase-Glo 3/7 reagent
(Promega) and incubated for 1 h at room temperature with agitation. Lucif-
erase activity was measured as previously described (Purow et al., 2005).

Luciferase assay. Luciferase reporter assays were performed as previ-
ously described on a Promega Glomax 20/20 luminometer (Purow et al.,
2005). CBF1, Notch-13’-UTR, and Notch-2 3’-UTR-luciferase activities
were double normalized by dividing each well by both B-galactosidase
activity and the average luciferase/3-galactosidase value in a parallel set
done with constitutive luciferase plasmid. To measure downstream
Notch activity, we generated 0308 brain tumor stem cells stably express-
ing a luciferase reporter driven by RBP-Jk (CSL/CBF1/Su (H)/Lagl)
(SABiosciences), a transcription factor and mediator of canonical Notch
signaling. The RBP-Jk-responsive luciferase vector encodes the firefly
luciferase gene under the control of a minimal (m)CMV promoter and
tandem repeats of the RBP-Jk transcriptional response element. To gen-
erate the stable cell line, 0308 cells were infected with the lentivirus bear-
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ing RBP-Jk-responsive element with luciferase.
The infected cells were then selected using pu-
romycin antibiotic (Sigma-Aldrich). The re-
sultant stable line was used in several assays
with siRNAs transfection. 0308/CBF1-luciferase
cells were plated at a density of 10° per well in a
six-well plate overnight and transfected with
four different control or Notch-1, -2, -3, or -4
siRNAs, and luciferase activity (luminescence)
was measured 3 d following transfection.
Luminescence was assessed with the luciferase as-
say system (Promega) per the manufacturer’s
protocol on an EG&G Berthold Lumat LB9507.
To normalize luciferase activity, absolute lumi-
nescence for each sample was divided by the
protein concentration for that sample. Protein
concentration was determined by the DC Pro-
tein Assay kit IT (Bio-Rad Life Science) per the
manufacturer’s instructions.

Soft agar colony-forming assay. A 0.6% agar/
medium base layer was made, and 3 ml was
added to each well (six-well plate) to prevent
cells from attaching and forming a monolayer
on the plastic substrate. One milliliter of cul-
ture medium containing cells transfected with
either control pre-miR or pre-miR-326 was
mixed with 1 ml of 0.6% agar/medium, poured
on the base layer and allowed to solidify, and immediately placed in an
incubator at 37°C and 5% CO,. Medium was changed every 2-3 d, and
after 21 d, cells were stained with Wright’s stain (Sigma-Aldrich) and
counted under the microscope.

Tumor formation in vivo. U87 cells were transfected with control pre-
miR or pre-miR-326 for 48 h. The transfected cells were then counted
and 2 X 107 were stereotactically (Stoelting) implanted into the right
corpus striatum of immunocompromised SCID/NCr BALB/c adult male
mice (n = 7 for each condition). Cerebral magnetic resonance imaging
was performed on anesthetized mice at 2 weeks. Ten to fifteen minutes
before scanning, 30 ul of Magnevist brand gadopentetate dimeglumine
was injected intraperitoneally. T1-weighted serial coronal images of each
brain were acquired at 1 mm intervals with a 5 X 5 mm field and a 256 X
256 pixel resolution. For image analysis and tumor volume quantifica-
tion, a luminosity histogram was first generated for a selected area of the
left cerebrum that was grossly tumor-free. This served as an internal
control. Pixel luminosity mean and SD were noted. Histogram genera-
tion was repeated on a similar selection from the right cerebrum that
contained all enhancing tumor. Pixels in the right cerebrum greater than
two SDs above the left cerebrum control luminosity mean were recorded
as representing enhanced tumor for a given image. This procedure was
then repeated for all the images showing enhanced tumor for a given
brain, thus generating a sum of enhanced tumor pixels for each brain.
Tumor volume relates to tumor pixels in a linear manner and was calcu-
lated based on the image acquisition interval distance and resolution
(Amos et al., 2007).
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Results

Notch inhibition increases the expression and activity

of miR-326

We transfected glioma tumor stem cells with either control
siRNA or with an efficient Notch-1 siRNA that we validated pre-
viously (Purow et al., 2005), followed by miRNA expression pro-
filing by microarray. miR-326 was one of the miRNAs that was
significantly increased (Fig. 1A) (p < 0.05). To further test
whether miR-326 expression or activity increases with Notch-1
knockdown, we functionally examined miR-326 activity with a
luciferase reporter plasmid that included miR-326 target sites. To
validate the reporter, we tested the effects of transfection with
pre-miR-326 and miR-326 inhibitor. miR-326 lowered luciferase
activity of the reporter, while miR-326 inhibitor blocked this
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Expression of miR-326 is decreased in human glioblastomas correlating with decreased expression of its host gene
B-arrestin 1.4, miR-326 expression s decreased in glioblastomas relative to surrounding brain. Plot of mean expression of mature
miR-326 by real-time PCR in five glioblastoma samples relative to adjacent brain samples taken from the same patients (**p <
0.01). B, miR-326 and 3-arrestin 1 expression are decreased in a different set of glioblastoma samples relative to normal brain
samples. Plot of mean expression of mature miR-326 and 3-arrestin 1 performed asin 4, using 11 glioblastoma and 6 normal brain
samples from different patients (**p << 0.01). C, D, Correlation of miR-326 and 3-arrestin 1 expression in human GBM and normal
brain samples. Expression of mature miR-326 and 3-arrestin 1 by real-time PCRin the 11 GBM samples and 6 normal brain samples

effect in cells cotransfected with both control miRNA and miR-
326 inhibitor (Fig. 1B, C). Cells transfected with Notch-1 siRNA
demonstrated significantly increased miR-326 activity, as re-
flected in decreased miR-326 reporter output (Fig. 1D). This
lowering of miR-326 reporter was abolished when miR-326 in-
hibitor was introduced (data not shown). The increase in miR-
326 expression following Notch inhibition was confirmed by
real-time PCR in 0308 GTSC cells treated with DAPT, a well
established y-secretase inhibitor that blocks Notch activity, 2.6 =
0.57- versus 6.46 * 0.64-fold (Fig. 1E) ( p < 0.002). These data
indicate that miR-326 is regulated by Notch activity.

miR-326 inhibits the Notch pathway

We noted potential target sites (seed matches) for miR-326 in
both the Notch-1 and Notch-2 3'-UTRs. We therefore tested the
effects of pre-miR-326 transfection on Notch activity, using a
glioma line we reported previously that stably expresses a well
established CBF-1 luciferase reporter (Hsieh et al., 1997; Purow et
al., 2005). miR-326 lowered Notch activity by >50%, 5927.7 *
629 versus 3049 = 156 (Fig. 2A) (p < 0.002). We then assessed
the targeting of Notch-1 and Notch-2 by miR-326, given the seed
matches noted in both 3'-UTRs (Fig. 2 B, E). Pre-miR-326 trans-
fection caused substantial decreases in both Notch-1 and
Notch-2 protein by immunoblot (Fig. 2C,F). In addition, it sig-
nificantly reduced output from Notch-1 and Notch-2 luciferase/
3’-UTR reporter plasmids, 0.5 = 0.06 versus 0.7 = 0.08 and 0.83 =+
0.05 versus 0.59 = 0.03, respectively (Fig. 2D, G) ( p < 0.05). These
effects of miR-326 appear specific, as they were not observed when a
miR-7 reporter plasmid was used (data not shown).

miR-326 and its host gene B-arrestin 1 are downregulated

in glioblastoma

Since several miRNAs have been identified as dysregulated in
gliomas (Chan et al., 2005; Ciafre et al., 2005; Kefas et al., 2008),
we set out to measure the levels of mature miR-326 in GBM
tissues versus surrounding brain using Q-PCR. miR-326 levels
were indeed significantly decreased in a set of five GBMs, 1 = 0.0-
versus 0.18 = 0.0002-fold (Fig. 3A) (p < 0.001). Similar results
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Figure4. miR-326 decreases cell viability of established glioma cell lines. A, Transfection with miR-326 decreases cell counts of
glioma cells. Plot of cell counts by microscopy with a hemocytometer performed 5— 6 d after transfection with control pre-miR or
miR-326 in U251MG, U87MG, and T98MG established glioma lines (*p << 0.05 and **p << 0.01 respectively). B, Nuclear perme-
ability assay demonstrates cell death in glioma cells following miR-326 transfection. Photomicrograph of U251MG glioma cells
stained with propidium iodide (lower photos) and Hoechst (upper photos) 6 d after transfection with control pre-miR or miR-326.
€, Cell cycle assay indicates apoptosis in miR-326-transfected glioma cells. Propidium iodide cell cycle and DNA fragmentation
assays of U373Ma cells by FACS 6 d after transfection with control pre-miR or pre-miR-326. Cleaved PARP and caspase 3/7 assays
further support apoptosis in glioma cells transfected with miR-326. D, Inmunoblots of full-length and cleaved PARP protein in
T98G and U251MG glioma cell lines 6 d after transfection with control pre-miR or pre-miR-326. Bottom, c-Tubulin as loading
control. E, Plot of caspase-3/7 activity normalized with protein concentration in A172, U251MG, and U373MG glioma cell lines 4 d
after transfection with control pre-miR or pre-miR-326 (*p << 0.05). F, Effect of pre-miR-326 or control pre-miR on in vivo U87
glioma xenograft growth in the brains of immunodeficient mice. Representative brain MRIimages showing smaller tumors in two
mice from the miR-326 group versus two mice from the control group are shown. Mean tumor sizes in the two groups are also
plotted and show a significant difference (**p << 0.01), with tumor sizes calculated as described in Materials and Methods.
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with miR-326 levels in individual samples
(Fig. 3C,D). This indicated that miR-326
expression is decreased in GBM through
decreased transcription of its host gene.

miR-326 decreases glioma cell
proliferation and induces apoptosis

To determine the effect of miR-326 on
cellular proliferation, cell counts were
performed. miR-326 transfection decreased
glioma cell numbers (Fig. 4A) in multiple
glioma lines. To further investigate the
role of miR-326 in brain tumors, estab-
lished glioma cell lines were transfected
with either control pre-miR or pre-miR-
326. After the addition of PI or HO, the
number of cells that had taken up these
dyes was imaged and quantified by fluo-
rescence microscopy (Fig. 4B). While all
cell nuclei stained for HO, only cells trans-
duced with miR-326 had high levels of nu-
clear PI staining. Furthermore, numerous
miR-326-transduced cells detached from
the culture dish into the medium, result-
ing in fewer attached Hoechst-positive
cells (Fig. 4B). Cell cycle assay indicated
high numbers of sub-G,/G; cells, indicat-
ing apoptosis (Fig. 4C). In addition to
DNA fragmentation, caspase activation
and poly(ADP-ribose) polymerase (PARP)
cleavage are other hallmarks of apoptosis
(Los et al., 2002). To demonstrate both
phenomena following miR-326 transfec-
tion, we measured caspase-3/7 activity us-
ing a luminometry assay and assessed
PARP cleavage using immunoblot. There
was a significant increase in caspase-3/7
activity and elevated PARP cleavage in
miR-326-transfected cells compared with
control (Fig. 4D, E). To determine whether
the in vitro effects of miR-326 translated to
reduced tumor growth in vivo, U87 MG gli-
oma cells were stereotactically implanted
into the brains of immunocompromised
mice after in vitro transfection with either
control pre-miR or pre-miR-326. All ani-
mals (n = 7) implanted with control-pre-
miR U87 MG cells developed substantial
tumors (0.3 = 0.18 mm?), compared with
no tumors in five of seven animals im-
planted with miR-326-transfected U87 MG
cells and small tumors in the remaining two
mice (0.06 * 0.11 mm?). This translated to

were observed in another set of 11 GBM samples (0.03 = 0.004)
when compared with six normal brain samples (0.2 = 0.09) (Fig.
3B) (p < 0.001). We reasoned that the downregulation of miR-
326 could be due either to decreased expression of its host gene or
to decreased processing. To distinguish between these possibili-
ties, we quantified the levels of the host gene for miR-326,
B-arrestin 1, using RT-PCR of the second set of tissue samples.
B-arrestin 1 levels were markedly decreased in GBMs (0.095 *+
0.01) compared with normal brain tissues (0.4 * 0.1) (Fig. 3C)
(p < 0.001), and the levels of B-arrestin 1 correlated strikingly

a significant difference in mean tumor size (Fig. 4F) ( p < 0.01).

miR-326 decreases viability, proliferation, and invasiveness of
glioblastoma stem cell-like lines

In our previous report comparing gene expression in validated
glioblastoma-derived tumor stem cells (GTSCs) with that in
GBM cells grown in standard conditions, microarray data indi-
cated higher expression of Notch-1 and its ligands in GTSCs,
possibly indicating an important role for Notch activity in these
cells [supplemental material in (Lee et al., 2006)]. To assess the
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importance of different Notch family
members in the viability of GTSCs in vitro,
we transfected three GTSC lines with
Notch-1, -2, -3, and -4 siRNAs. Interest-
ingly, knockdown of each of the four
Notch proteins decreased cell numbers in
the GTSC lines assessed (Fig. 5A). The ef-
fects of the different Notch family siRNAs
on the growth of GTSC were repeated
when GTSC 0308 cells were transfected
with four different control siRNAs, indi-
cating that this was not a nonspecific ef-
fect of the control siRNA (Fig. 5B). To
confirm the individual effects of the
Notch-1 to -4 siRNAs used in this work,
we tested their effect on Notch activity.
0308 glioma cells stably expressing a
Notch reporter showed reduced luciferase
activity from each of the Notch-1 to -4
siRNAs versus several control siRNAs (Fig.
5C). These data suggest that Notch family
members play nonredundant roles in
GTSC growth.

Since miR-326 decreased protein levels
of Notch-1 and -2, we predicted that this
miRNA would be cytotoxic to GTSCs.
Cell cycle assay of GTSCs transfected with
miR-326 by fluorescence-activated cell
sorting (FACS) indeed demonstrated ap-
optosis, as shown by an increase in cells
with sub-G,/G, nuclei (Fig. 5D). miR-326
transfection also caused an increase in
PARP cleavage and caspase-3/7 activation
(2.1 £0.26vs4.0 £ 0.9, p < 0.05), as well
as a decrease in cell counts (Fig. 5E,F).
Since invasion and colony formation are
markers of a cancer’s malignant potential
in vivo, we assayed the impact of miR-326
on these traits in GTSCs. Transfection
with pre-miR-326 decreased invasion
through collagen IV-coated transwells by
GTSCs (73.3 £37vs 10.6 = 8.1) (Fig.5H)
(p < 0.05), and it also lowered clonoge-
nicity in soft agar (Fig. 5I) ( p < 0.01).

Notch and miR-326 effects are each
partially mediated by suppression of
the other

miR-326 has numerous predicted targets
in addition to those in the Notch pathway,
and some of them could conceivably be
involved in the cytotoxic effects of miR-
326. To assess whether Notch inhibition
plays a role in miR-326 activity, we deter-

Kefas etal. « A miR-326/Notch Feedback Loop in Brain Tumor Cells
GTSC 1228 D
'—‘ . B . £ g e00 |
l 11 I 1 1.
Control Notchl Notch2 Notch3 Notch4
B SiRNA SiRNA siRNA sSiRNA siRNA
200

A 130.(m GTSC 0308 mGTSC 0822
110.0
90.0
70.0
50.0
30.0
10.0
-10.0

Normalized
cell counts

Control Pre-miR

# Cells

N

5]

5]
|

—
o
=1
x 150 R S REC
2 4100 o ! ) T T T
8 o 200 6 800 1000
2 50 FL2-A
o
0 - SN —m e o~ o <
2a 84 2« 22 25 £33 £ £2
Sz &=z =z €= & S S ]
o o ox o S5 o 5% 5% & 200
C n 0T OF 0% o= » » » »
= o » » ®» O w Z = = =
S Pre-miR-326
= 2 S
» © 5 e
> a 100 -
=
220 S0 29 oY v ve 7 Ya ie2
3 2« 8« 8« 2a £ 25 £ <
= oS - = 62 ©Z ©=Z o = o T T T T T
EZ 2 2 £E2Z2 8¢y Ly Ly L
o ox ox Sx ofX 0% 0% of o 200 0 600 800 1000
o7 o oz —_ = " = 3 = ] = ] FL2-A
] ] " o »n
0308 H -
. L
Control-pre-miR 3 % _ _ s 150
Pre-miR-326 - - ES S E w» 100
PARP  o——— 53 .
ol
3 *
Cleaved-PARP S O 2 0 ==
£
. = i
Tubulin e T————— = Control Pre-miR-
pre-miR 326
F =z_ |
o x
= 2 250
s x4 2 200
~ =
(i0m sue
0 2 2 100 e
I 0 by
S g Control Pre-miR e 150 o
o 3 ORirols re-mik- E | I
o pre-miR 326 =

308

1228
G

HControl-pre-miR EPre-miR-326

0308 1228
HmControl-pre-miR M Pre-miR-326

Number of cells (x105)
S N A~ O
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siRNAs to Notch family members. 4, B, Plots of cell counts 0f 0822, 1228, and 0308 glioma stem cells (normalized to 100% for control siRNA)
(A) and 0308 glioma stem cells (B) 5 d after transfection with control siRNA or Notch-1, -2, -3, or -4 siRNA using the Amaxa Nucleofector
(*p << 0.05and **p < 0.01). €, 0308 glioma stem cells were transfected as in B with four different control siRNAs and siRNAs to Notch-1
through-4, and after 3 d luciferase activity and protein concentration were quantified. siRNAs to all four Notch family members significantly
decreased Notch activity (*p < 0.05). D, miR-326 causes apoptosisin GTSCs as evidenced by DNA fragmentation. Propidiumiodide cell cycle
assay of 0308 glioma stem cells by FACS 6 d after transfection with control pre-miR or pre-miR-326. E, GTSCs transfected with miR-326
undergo apoptosis demonstrated by cleaved PARP and caspase activity. Imnmunoblots of full-length and cleaved PARP protein in 0308
glioma stem cells 6 d after transfection with control pre-miR or pre-miR-326. Bottom, ce-Tubulin as loading control. £, Plot of caspase-3/7
activity normalized with protein concentration in 0308 glioma stem cells 4 d after transfection with control pre-miR or pre-miR-326 (*p <
0.05). G, Decreased growth of GTSC lines transfected with miR-326. Shown is a plot of cell counts performed 5— 6 d after transfection with
control pre-miR or miR-326 in 0308 and 1228 glioma tumor stem cells (*p << 0.05). miR-326 transfection decreases invasiveness and
clonogenicity of GTSC lines. H, Plot showing mean number of invaded 0308 tumor stem cells 3 d after transfection with control
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showing the mean number of colonies formed in soft Agar by 0308 and 1228 brain tumor stem cells 3 d after transfection
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mined whether a Notch expression plasmid lacking 3'-UTR
could rescue a glioma line from the miR-326-driven decrease in
cell viability. Following transfection of cells with either Notch-1
or control plasmid and pre-miR-326 or control pre-miR, we
noted a large degree of rescue (Fig. 6A). We also tested whether
miR-326 suppression by Notch played a role in the phenotypic
effects of Notch inhibition. Given our previous result showing
the effectiveness of a miR-326 inhibitor (Fig. 1), we tested
whether it could influence the effects of efficient Notch-1 knock-

down in glioma cells. Cotransfection with a miR-326 inhibitor
partially but significantly protected a glioma line from Notch-1
siRNA, indicating that increased expression of miR-326 contrib-
utes to Notch-1 siRNA-induced cell death (Fig. 6 B).

Discussion

Little is currently known of microRNA interactions with major
cellular pathways such as Notch, for which our grasp of regulators
and mediators is still murky. Previous studies have reported as-
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sociations of a few specific microRNAs with the Notch pathway
in Drosophila and Caenorhabditis elegans (Lai et al., 2005; Yoo and
Greenwald, 2005). We show here that miR-326 inhibits the
Notch pathway and is in turn inhibited by Notch, establishing a
novel regulatory feedback loop. In addition, we demonstrate that
miR-326 is downregulated in glioblastomas relative to normal
brain, likely through decreased transcription of its host gene.
Exogenous expression of miR-326 decreases cell viability and in-
vasion of both established and stem cell-like glioma lines. Fur-
thermore, transfection of glioma cells with miR-326 reduced
their i1 vivo tumorigenicity in an orthotopic model. Importantly,
upregulation of miR-326 mediates some of the cytotoxic effect of
Notch inhibition in glioma cells, demonstrating biological rele-
vance of the Notch/miR-326 relationship. This is analogous to
the previously reported role of miR-34 as a partial mediator of the
pro-apoptotic effects of p53 (Chang et al., 2007; He et al., 2007;
Raver-Shapira et al., 2007). In total, our findings suggest miR-326
as a potential tumor suppressor gene in glioma cells. Other work
hints at dysregulation and possible roles for miR-326 in different
cancers as well, such as medulloblastoma, cholangiocarcinoma,
and chronic lymphocytic leukemia (Meng et al., 2006; Gomez-
Benito et al., 2007; Ferretti et al., 2009).

We demonstrate that miR-326 downregulates both Notch-1
and Notch-2, explaining its effects on Notch activity. Notch in-
hibition is clearly important in the cytotoxic effects of miR-326
on glioma cells, since restoration of Notch expression partially
but significantly “rescues” from the phenotypic effects of miR-
326. Inhibition of Notch by miR-326 may help explain its cyto-
toxicity to stem-like glioma cells, a highly treatment-resistant
subpopulation within gliomas. Finding agents effective against
these cells is a high priority for neuro-oncology and for other
oncologic disciplines, and it has been postulated that inhibition
of stem cell pathways such as Notch may be a viable strategy. Our
results show that efficient delivery of miR-326 has therapeutic
potential against both glioma stem-like cells and established gli-
oma lines.

miR-326 no doubt has other relevant targets beside Notch.
One recent report describes inhibition of Smoothened expression
by miR-326 in medulloblastoma cells, leading to downregulation
of the Hedgehog stem cell pathway (Ferretti et al., 2008). Com-
bined with our findings here, this raises the appealing prospect
that miR-326 can target two of the most critical stem cell path-
ways. However, we tested the effects of miR-326 on Hedgehog
activity in a glioma line using the Gli-1 promoter reporter plas-
mid and did not find an effect (data not shown); this may reflect
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varying roles for miR-326 and these pathways in different cancer
types.

miR-326 was first identified among a set of microRNAs with
high expression in neurons (Kim et al., 2004). Given our findings
that miR-326 suppresses Notch and the well established anti-
neuronal effects of Notch (Nye et al., 1994), one might speculate
that high miR-326 expression in neurons is another mechanism
by which Notch activity is inhibited in these cells. Evolutionary
pressures appear to have derived several feedback loops regulat-
ing Notch activity, such as the oscillatory loop involved in Notch
and Lunatic Fringe regulation (Dale et al., 2003).

In conclusion, we describe here a novel mechanism in which
Notch and miR-326 each suppress the other, suggesting a Notch/
miR-326 axis. In glioblastomas, this axis is shifted toward high
Notch activity and low miR-326 activity. Reversing this axis
through miR-326 delivery appears to be a potential therapy, as
evidenced by its ability to decrease in vivo tumorigenicity of gli-
oma cells.
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