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Abstract The phenotypic axis of invasion and proliferation
in malignant glioma cells is a well-documented phenomenon.
Invasive glioma cells exhibit a decreased proliferation rate and
a resistance to apoptosis, and invasive tumor cells dispersed in
brain subsequently revert to proliferation and contribute to
secondary tumor formation. One miRNA can affect dozens
of mRNAs, and some miRNAs are potent oncogenes.
Multiple miRNAs are implicated in glioma malignancy, and
several of which have been identified to regulate tumor cell
motility and division. Using rat 9 L gliosarcoma and human
U87 glioblastoma cell lines, we investigated miRNAs associ-
ated with the switch between glioma cell invasion and prolif-
eration. Using micro-dissection of 9 L glioma tumor xeno-
grafts in rat brain, we identified disparate expression of miR-
9 between cells within the periphery of the primary tumor, and
those comprising tumor islets within the invasive zone.
Modifying miR-9 expression in in vitro assays, we report that
miR-9 controls the axis of glioma cell invasion/proliferation,
and that its contribution to invasion or proliferation is biphasic
and dependent upon local tumor cell density. In addition, im-
munohistochemistry revealed elevated hypoxia inducible fac-
tor 1 alpha (HIF-1) in the invasive zone as compared to the
primary tumor periphery. We also found that hypoxia pro-
motes miR-9 expression in glioma cells. Based upon these
findings, we propose a hypothesis for the contribution of
miR-9 to the dynamics glioma invasion and satellite tumor
formation in brain adjacent to tumor.
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Introduction

Glioma cell migration and proliferation are stochastically mu-
tually exclusive processes, and the tumor cells defer cell divi-
sion in order to migrate and vice versa [1, 2]. Due to the
phenotypic switch between motility and growth, invasive gli-
oma cells exhibit a decreased proliferation rate and a resis-
tance to apoptosis, which may contribute to chemotherapy
and radiation resistance [3]. Ultimately, invasive tumor cells
that evade surgical debulking and treatment subsequently re-
vert to proliferation and contribute to secondary tumor forma-
tion [4].

Over 60% of human protein-coding genes are conserved
targets of miRNAs [5]. Each miRNA can affect a number of
mRNAs, thus depending upon its targets, each miRNA can
function as a potent oncogene or tumor suppressor [6].
Aberrant gene expression is the primary mechanism of
miRNA dysfunction in cancer, and miRNAs are differentially
expressed in gliomas relative to normal tissue [7, 8].
Consequently, miRNAs have rapidly emerged as potential
biomarkers in patients with glioma [9, 10]. Multiple
miRNAs have now been linked to glioma malignancy, and
several have been identified to regulate tumor cell motility
and division [9, 10].

Here, we investigated miRNAs associated with the switch
between glioma cell invasion and proliferation. To this end,
we first compared expression levels of 172 miRNAs between
tumor cells of 9 L intracranial xenografts that resided within
the outer periphery of the primary tumor, and those that were
in tumor cell islets within the invasive region. This experiment
revealed that miR-9 was the most disparately expressed
miRNA between the two cell populations. Guided by this
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finding, we performed a series of in vitro experiments to elu-
cidate the influence of miR-9 upon the proliferation and inva-
sion of glioma cells. miR-9 can be promoted by hypoxia [11].
As we observed a relative increase in HIF-1a within the in-
vasive zone in brain, we also tested the effect of hypoxia upon
miR-9 in glioma cells. We report that miR-9 defines the axis of
glioma cell invasion/proliferation, and its contribution to in-
vasion or proliferation is biphasic, dependent upon tumor cell
density. In light of our findings, we have developed a hypoth-
esis for the role of miR-9 in the process invasion and second-
ary tumor formation in malignant glioma in brain.

Materials and Methods

Growth Curve Cells were plated in each well of a 96-well
plate containing DMEM with FBS at a concentration of 10%.
Every 24 h, total adherent and non-adherent cells in each
experimental well were quantified using a hematocytometer.
Cell counts of three wells per time point per group were aver-
aged. The growth curve experiment was performed three
times with similar results.

Migration and Invasion Assays Matrigel invasion assays
were used to assess tumor cell invasion. Invasion was deter-
mined using 24-well BD invasion chambers (8.0 pm pore
size; BD Biosciences, Cowley, UK) as described previously,
with the modification that 9 L, 9 L-m9, U87, or U87-m9 cells
were initially plated at 5000 or 50,000 cells/cm?® [12]. Cells
were stained with CellTracker Green (Molecular Probes, OR)
and fixed in 4% paraformaldehyde. Three fields of cells on the
lower membrane surface were counted in each well at 10x
magnification. The invasion experiment was performed twice
with similar results. 9 L and 9 L-m9 spheroids were
established by culturing cells in suspension on noble agar
coated flasks. Individual cell spheres (~200 um diameter)
were cultured in 1 ml of medium in a 24-well culture plate
(Corning, Lowell, MA). Culture wells are modified polysty-
rene, hydrophilic and negatively charged when medium is
added, to enable cell attachment and spreading. Migration
was quantified using a micrometer as the mean difference
between the leading edge of migrating cells and the original
tumor sphere diameter 3 spheres per group were measured,
and mean migration between groups was compared.

PCR and Western Blot To profile gene expression associated
with tumor cell invasion in vivo, we employed a RT2 Profiler
PCR Array (SuperArray, MD) upon cells isolated from 8 um
frozen coronal sections using LCMD. We restricted our anal-
ysis to two functional gene groups in the array, those associ-
ated with angiogenesis and those associated with invasion and
metastasis. PCR was performed using the SYBR Green sys-
tem on an ABI 7000 PCR instrument. RT for miRNAs was
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performed using a hsa-miR-9 TagMan MicroRNA Assay
which detects both human or rat miR-9. RNU43 or U6
primers were used as house-keeping controls. PCR for indi-
vidual miRNAs was performed with TagMan Universal
Master Mix (Applied Biosystems, CA). Western blot was per-
formed to detect E-cadherin (Abcam, MA) and {3-actin (Santa
Cruz, CA). Protein concentration was quantified using a BCA
protein assay kit (Pierce, IL), and samples were loaded nor-
malized to total protein.

Cells and miRNA Transfection 9 L and U87-MG cells were
obtained from the American Type Culture Collection
(Manassas, VA). Cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). For miR-9 expressing cell lines
9 L-m9 and U87-m9, hsa-miR-9 expression plasmid
(GenScript) was used. Transfection was performed using elec-
troporation. 2 x 10° 9 L or U87-MG cells were suspended in
150 pl of Ingenio Electroporation Solution (Mirus) with 2 pg
of plasmid DNA. The Amaxa Nucleofector Device was used
for electroporation with Program A-33. Transfected cells were
resuspended in 10 ml complete culture medium, centrifuged,
and then plated. Puromycin was used for clone selection. We
verified miR-9 over-expression using a hsa-miR-9 TagMan®
miRNA assay (Applied Biosystems).

Laser-Capture Microdissection of 9 L Glioma Model in
Fisher Rat Male Fischer rats (250275 g) were used for this
study. A 2 mm diameter craniotomy was made on the right
hemisphere anterior to the coronal suture. Using a Hamilton
syringe, cells were injected 3.5 mm deep, 3.0 mm to the right
and 1.0 mm anterior of the bregma. Rats were implanted with
2.5 % 10° 9 L cells (5 ul PBS) over a 15-min interval. The
craniotomy was covered with Horsley’s bone wax, and the
incision was closed with 4-0 silk suture (Ethicon). Rats were
sacrificed 10 days after implantation under anesthesia with i.p.
administration of ketamine (100 mg/kg) and xylazine (10 mg/
kg). 8 um frozen coronal sections were used for laser-capture
experiments. Using LCMD (DM6000M, Leica, Germany),
we excised 9 L xenograph cells from two distinct regions in
brain: 1) from the tumor periphery (within the primary tumor
mass at least 100 um from normal brain tissue and 2) from
invasive tumor (tumor cells or islets at least 100 um from the
tumor mass, completely surrounded by brain parenchyma).
Following LCMD, total RNA was isolated from tumor tissue,
and using specific primers, miR-146b-5p and control RNU43
was measured.

Conditioned Medium Assay Cells were plated at 5 k/cm?” or
250 k/cm?® and cultured for 24 h. Conditioned medium from
these wells was then transferred into wells of cells in experi-
mental (all 5 k/cmz) wells and cultured for 24 h.
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Results

To measure miRNAs differentially expressed between prolif-
erative and invasive glioma cells, we employed laser capture
micro-dissection (LCMD) and a miRNA PCR array to test
miRNA expression levels in glioma cells of 9 L xenographs
in Fisher rat 2 weeks post-implantation. Total RNA was iso-
lated from tumor cells in two distinct regions: 1) >100 pum
within the primary tumor, and 2) from tumor cells >100 um
from the bulk tumor boundary (Fig. 1a). Measuring 172
miRNAs from cells in these two distinct regions, we found
miR-9 in transplanted 9 L cells was most disparate: miR-9 was
more than 10-fold (657.9 + 97.8 vs. 60.6 + 5.4) higher in
invasive tumor cell islets as compared to the bulk tumor mass
(Fig. 1b). Thus, in our intracranial xenograft model of malig-
nant glioma, invasive tumor cells expressed higher levels of
miR-9. These findings appeared in agreement with a previous
study by Tan et al., who reported that a balance be-
tween cyclic AMP response eclement-binding protein
(CREB) and miR-9 determines the proliferation or mi-
gration status of glioma cells, whereby miR-9 promotes mi-
gration and CREB induces proliferation [13]. Moreover, as
miR-9 expression is an independent prognostic factor for
overall survival in glioma patients [14], we elected to further
investigate this miRNA.

Two identical tumor cells may become phenotypically di-
verge due to stochastic variation in gene expression levels or
differences in their local micro-environment, including tumor
cell density [15-18]. As an example, cell density modulates
focal adhesion kinase (Fak) activation, a regulator of glioma
invasion [19, 20]. Deisboeck et al., have suggested that the
onset of invasion marks the time point when the tumor’s cell
density reaches a compaction maximum [21]. One difference
between cells within invasive tumor cell islets and those in the
bulk tumor we sampled with LCMD was relative local tumor

Fig. 1 Expression of miR-9 is
relatively higher in invasive
tumor islets compared to those in
the tumor periphery. a 9 L
gliosarcoma xenograft in Fisher
rat at 2-weeks post-implantation.
Blue and green dots show target
areas for LCMD; primary tumor
periphery (blue) and invasive
tumor islets (green). White line
highlights border of primary
tumor mass. Bar =100 pm. b
Expression of miR-9 in tissue
isolated from 9 L xenografts from
primary tumor periphery or
invasive tumor islets. **p < 0.01
Vs. primary tumor tissue

cell density. Therefore, we sought to test the effects of miR-9
expression in 9 L glioma cells cultured at different densities.
To this end, we first established a 9 L glioma cell line that
stably over-expressed miR-9 (9 L-m9). We then plated both
control 9 L cells and 9 L-m9 cells at six densities ranging
from 7812.5 cells/cm? to 250,000 cells/cm? and cultured them
for 24 h, at which point growth rates were determined. As
shown in Fig. 2, glioma cells that over-expressed miR-9 pro-
liferated at a significantly lower rate at low densities as com-
pare to control, but proliferated at a significantly higher rate
compare to control at high densities. This unexpected result
suggested that miR-9 not only influences tumor cell prolifer-
ation, but that miR-9 has a biphasic effect upon proliferation,
which itself was dependent upon cell density. To determine if
this effect was specific to the 9 L cell line, we then performed
the same experiment with U87 human glioblastoma cells. We
first established a U87 cell line that stably over-expressed
miR-9 (U87-m9), and then repeated the experiment. As with
9 L cells, U87-m9 proliferated at a significantly lower rate at
low densities as compare to U87 control, but proliferated at a
significantly higher compare as to U87 control at high cell
densities (Fig. 2). Thus, our data indicate that miR-9 has a
biphasic density-dependent effect upon glioma cell
proliferation.

It is known that invasive cells have low proliferation rate,
but high motility. We have shown that invasive cells have high
miR-9 expression, which is consistent with their decreased
proliferation in a low-density environment. Therefore, next
we sought to test the effect of miR-9 upon cell motility. Is
the invasion of glioma cells also altered by miR-9 in a
density-dependent manner? To test this hypothesis, we per-
formed a Matrigel invasion chamber assay employing 9 L
and 9 L-m9 cells plated at low (5000 cells/cm?®) or high
(50,000 cells/cmz) density. Tumor cells were plated, and those
that invaded through the extra-cellular protein matrix after
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24 h were imaged and counted. Once again, we found that
miR-9 over-expression elicited a biphasic effect. However,
converse to the effect that miR-9 expression had upon prolif-
eration, cells that over-expressed miR-9 invaded through the
extracellular matrix at a significantly higher rate at low densi-
ties as compared to control, but at a significantly lower rate as
compared to control at high densities (Fig. 3a). To test the
effect of miR-9 upon glioma cell motility independent of ma-
trix degradation, we then plated 9 L and 9 L-m9 tumor
spheres (high density) and measured cell migration out of
the tumor spheres. Here, we found that miR-9 over-expression

2250
2000
1750
1500 .
1250

1000 ‘; I**

|

|
\ \
|
i |
| |
| \
|
| |
| \
|

invasive cell counts

750

500

250

control
a 50,000 cells/cm?

Fig. 3 Over-expression of miR-9 in glioma cells increases cell invasion
at low plating densities, and decreased cell invasion and migration at high
densities. a Invasion of 9 L, 9 L-m9, U87, or U87-m9 cells in matrigel
invasion chamber assays. 9 L-m9 and U87-m9 cells invaded more at
5000 cells/cm?, and invaded less at 50000 cells/cm? compared to 9 L or
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reduced migration of cells out of the tumor spheres in vitro
(Fig. 3b). These invasion and migration data indicate that the
effect of miR-9 upon invasiveness and migration of tumor
cells is density-dependent and inverse of the effect that miR-
9 had upon tumor cell proliferation. Taken together, our ex-
periments demonstrate that miR-9 expression does regulate
the phenotypic axis of invasion and proliferation in glioma
cells, but whether miR-9 promotes or suppresses motility or
growth depends upon cell density. To our knowledge, this is
the first report of a density-dependent biphasic effect of miR-9
upon glioma cell invasion and proliferation.
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U87 control, respectively. *p < 0.05, **p < 0.01 vs. control. b Tumor
spheroid migration assay with 9 L or 9 L-m9 cells imaged at 96 h. Radial
cell migration away from the tumor spheroid was higher in 9 L cells
compared to 9 L-m9 cells (956.0 + 84.0 um vs. 433.3 + 155.0 um,
**p < 0.01)
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Our in vitro experiments demonstrated a biphasic effect of
miR-9 upon motility and growth, whereas our in vivo mea-
surement of miR-9 in primary tumor or invasive glioma cells
suggest that miR-9 expression is correlated with the same
phenotypic properties that are observed for invasive cells:
high motility and low proliferation. We therefore postulated
that this biphasic effect be important for the eventual switch
from an invasive to proliferative phenotype far from the pri-
mary tumor. One phenomenon that has been reported to affect
this switch is hypoxia [22].

Hypoxia contributes to glioma invasiveness [23, 24].
Previously, we demonstrated that hypoxia contributes to glio-
ma migration by decreasing cell-to-cell adhesion rather than
increasing individual cell motility [25]. It was recently report-
ed that hypoxia promotes hypoxia inducible factor 1oc (HIF-
1) -mediated up-regulation of miR-9 in pulmonary artery
smooth muscle cells, however the effect of hypoxia upon
miR-9 in tumor has yet to be investigated [11]. We therefore
tested the effect of hypoxia upon miR-9 signaling in glioma
cells. First, in an effort to determine regional differences in
hypoxia in our 9 L xenograft model, we performed immuno-
histochemical staining for HIF-1c in coronal tissue of 9 L
tumor-bearing rats. HIF-1x is a master regulator that coordi-
nates the cellular response to hypoxia [26]. In this experiment,
we found HIF-1x immunoreactivity was most pronounced in
the brain adjacent to tumor, the region that contained the in-
vasive tumor islets which we isolated by LCMD (Fig. 4a).
Next, to determine if hypoxia induced miR-9 expression in
glioma cells, we cultured 9 L cells in normoxic and hypoxic
conditions, and compared their miR-9 expression. As we pre-
viously established miR-9 influences proliferation and motil-
ity at different densities, we performed this experiment at

plating densities of 5000, 50,000, and 250,000 cells/cm?
(Fig. 4b). Here, we found that miR-9 was significantly higher
in hypoxic compared to normoxic cells in cultures plated at
50000 and 250,000 cells/cm?. These data indicate that miR-9
is increased by hypoxia in 9 L cells in moderate to high den-
sity culture conditions.

The loss of E-cadherin in tumor cells results in a more
invasive phenotype, resistance to apoptosis, and loss of adhe-
sion at the pre-metastatic niche, all controlled by factors under
the influence of HIF-1 [27]. In a previous study, we demon-
strated that hypoxia promoted the invasiveness of glioma cells
by reducing cell-to-cell adherence, with coincident decrease in
the adhesion protein E-cadherin [25]. The effect of miR-9
upon E-cadherin expression in glioma has not been studied;
however Liu et al., have reported that miR-9 over-expression
induced E-cadherin expression in melanoma via inhibition of
the NF-kB1-Snaill pathway [28]. In contrast, Song et al., re-
ported that miR-9 suppresses E-cadherin in esophageal squa-
mous cell carcinoma by directly targeting E-cadherin mRNA,
and miR-9 has been found to suppress E-cadherin in other cell
types [29-31]. To determine if miR-9 affected E-cadherin ex-
pression in glioma cells, we performed Western blot to mea-
sure the relative expression levels of E-cadherin between miR-
9 over-expressing and control 9 L cells. Here we found that
9 L-m9 cells expressed more E-cadherin than 9 L control,
suggesting that miR-9 up-regulates E-cadherin in 9 L glioma
cells (Fig. 4¢).

Our findings demonstrate that miR-9 regulates a density-
dependent biphasic effect upon the phenotypic switch be-
tween invasion and proliferation. Furthermore, we provide
evidence that hypoxia induces expression of miR-9, and that
miR-9 increases expression of the cell-to-cell junction protein
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Fig. 4 a Hif-1x immunoreactivity in Fisher rat brain bearing 9 L
gliosarcoma xenograft. Expression of Hif-1o was relatively elevated in
the invasive zone of brain-adjacent to tumor as compared to primary tumor
periphery or non-tumor brain. DAB (dark brown) indicates Hif-1c
immunoreactivity. Arrows indicate tumor border. Bar =100 pm. b Hypoxia

induces miR-9 expression in 9 L tumor cells in vitro. 24 h of hypoxic culture
conditions significantly up-regulated miR-9 in 9 L cells cultured at 50000
cells/cm? or 250,000 cells/cm?. **p < 0.01. ¢ Protein expression of E-
cadherin is increased in 9 L cells over-expressing miR-9 as compared to
9 L control
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E-cadherin. In light of the regionally distinct expression of
HIF-1 that we found in the tumor-bearing rat brain and the
regionally distinct miR-9 expression in xenograft tumor cells
that we measured, we have formulated a hypothesis for the
contribution of miR-9 to glioma cell dynamics in the brain
adjacent to tumor. In brief, we propose that hypoxia increases
the propensity for cells to detach from the primary tumor, and
assume an invasive phenotype due to hypoxia-induced miR-9
expression in low density conditions. As these cells migrate
away from the tumor, conditions become less hypoxic, which
leads to tumor cell clustering [32]. Tumor cell clustering
reestablishes miR-9 expression, which promotes cell prolifer-
ation and the formation of satellite tumor islets. This hypoth-
esis is detailed in the discussion of this investigation.

The tumor microenvironment is structurally heterogeneous
with regions of varying levels of nutrients, mechanical pres-
sures, and vascular densities [21]. miR-9 has been implicated
in promoting glioma invasion, thus it was unsurprising that
invasive islets expressed higher levels of miR-9 as compared
to the bulk tumor. However, if miR-9 expression underpins a
phenotypic switch between proliferation and invasion, one
might expect a down-regulation of miR-9 in tumor cells with-
in the invasive zone as they divide and establish satellite tumor
islets. As miR-9 levels were much higher in clusters of inva-
sive tumor cells as compared to those in the primary tumor, we
surmised that the density of tumor cells might influence the
expression of miR-9. Indeed, in our hypoxic culture experi-
ments (Fig. 4b), expression of miR-9 under normoxic condi-
tions increased with cell density. To test this hypothesis, we
measured miR-9 in 9 L cells plated at different densities and
cultured for 24 h. These experiments revealed that tumor cell
expression of miR-9 in vitro correlated with cell plating den-
sity: miR-9 levels in cells plated at high density (5 x 10° cells/
cm?) were more than 8 fold higher than in cells plated at low
density (5 x 10° cells/cm?; Fig. 5a). To our knowledge, this the
first report of density-dependent expression of miR-9.

We have shown that in our in vivo experiment, cells in the
invasive region have a higher expression of miR-9, compared to
cells in the primary tumor. We then revealed that high cell density
in vitro led to high miR-9 expression. Since the density of tumor
cells in the invasive region is not comparably higher than within
the primary tumor mass, we face an apparent paradox. However,
the conditions of cell density experienced by tumor cells in vitro
cannot be simply extrapolated to those conditions experienced by
the tumor cells in brain, and our in vitro experiments did not test
which components of high-density culture affect individual cells
and induce miR-9 expression. That is, in contrast to high-density
in vitro culture, cells at lower in vitro density experience multiple
differences, such as: 1) more soluble endogenous factors, 2) few-
er cell-to-cell contacts, 3) lower nutrient availability and 4) less
physical restriction. If endogenous factors, cell-to-cell contacts,
nutrient availability, and/or physical restriction underpinned the
density-dependent expression of miR-9, then the role of miR-9 in
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glioma invasion in brain is both dynamic and influenced by the
tumor microenvironment. Therefore, in an effort to extend our
in vitro findings to conditions experienced by glioma cells in
brain, we sought to isolate the physiological components of
high-density culture, and determined their individual effect(s)
upon miR-9 expression and signaling in glioma cells.

High-density cultures more quickly alter the culture medi-
um by metabolizing nutrients, and releasing soluble factors
and waste [33]. Thus, we tested whether medium conditioned
by high density cultures would increase miR-9 expression in
lower density cultures exposed to that medium. For this ex-
periment, 9 L cells were plated at low (5 k/em?) or high (250 k/
cm?) densities and cultured for 24 h. Conditioned medium
from these wells was then transferred into wells with 9 L cells
plated at low density which were then cultured (5 k/cm?) for
24 h. No significant difference was found between miR-9
expression in 9 L cells cultured in conditioned medium from
either low or high density culture conditions. These findings
indicate that the density-dependent increase of miR-9 in 9 L
tumor cells in vitro is not significantly mediated by soluble
factors.

Cells grown in high density conditions experience more
cell-to-cell contacts than those grown in low density condi-
tions. Adjacent glioma cells physically interact via adhesion
proteins, microtubes, membrane fusing, microvesicles, and by
gap junctions [34-37]. Although the mechanisms by which
adjacent tumor cells interact are numerous, substantial evi-
dence indicates that gap junctions play key roles in intercellu-
lar communication, and can regulate both glioma proliferation
and invasion [36, 38—40]. Indeed, even cell-to-cell interac-
tions via microtubes, adherens, and microvesicles are modu-
lated by gap junctions [34, 41, 42]. We previously demonstrat-
ed that functional miRNAs can be shuttled between adjacent
tumor cells by gap junctions [43]. More recently, Hong et al.,
demonstrated that gap junction exchanged miRNAs promoted
glioma invasion [36]. Thus, as miR-9 expression increased
with cell density, we investigated the influence of gap junction
communication upon density-dependent expression of miR-9
in 9 L glioma cells. To test the role of gap junction communi-
cation in density-dependent miR-9 expression in glioma cells,
we incubated 9 L cells at 5 k/cm? or 250 k/cm? with the broad-
spectrum gap junction antagonist carbenoxolone, or PBS ve-
hicle for 24 h. After incubation with carbenoxolone, there was
no significant difference between miR-9 expression in the low
density cultures (Fig. 5b). However, in high density cultures,
carbenoxolone treatment increased miR-9 expression 2-fold
compared to untreated control. miR-9 expression increases
with 9 L cell density (and consequently more cell-to-cell con-
tacts) in vitro, thus we surmised that if gap junctions contrib-
uted to density-dependent miR-9 expression, then blocking
gap junctions with carbenoxolone would decrease miR-9 at
high cell densities. However, we found that carbenoxolone
treatment had the opposite effect of further increasing miR-
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Fig. 5 Expression of miR-9 increased with cell density in cultured 9 L
glioma cells. a miR-9 expression was significantly higher in 9 L cells
plated at 50000 or 250,000 cells/cm® compared to cells plated at 5000
cells/em?®. *#p < 0.01 vs. 5000 cells/cm® control. b Inhibition of gap
junctions with carbenoxolone did not decrease miR-9 expression in 9 L

9. Therefore, these experiments suggest that gap junction in-
tercellular communication does not drive the density depen-
dent increase in miR-9 that we observe in vitro.

Tan et al., previously reported that CREB enhances the tran-
scription of miR-9 by direct binding [13]. CREB expression is
stimulated by glucose deprivation [44, 45]. In glucose-containing
culture medium, due to higher local glucose metabolism, cells
grown at high density should experience relatively less glucose
availability than those grown at lower density. Therefore we
sought to determine whether the density-dependent increase in
miR-9 observed in vitro might be dependent upon glucose. To
test if glucose availability underpinned density-dependent miR-9
expression in glioma cells, we incubated 9 L cells at 5 k/cmz,
50 k/em?, or 250 k/cm? in normal glucose or low glucose culture
medium. Here, we found that in low-density (5 k/em?) culture,
glucose deprivation slightly increased miR-9 expression (1.6
fold), however, in moderate- or high-density cultures (50 k/em?
and 250 k/em?), glucose deprivation had no significant effect
upon miR-9 expression (Fig. 5c). Taken together, these results
suggest that the density-dependent increase in miR-9 observed
in vitro is not dependent upon glucose availability.

Growing evidence indicates that mechanical cues including
stiffness and topography, regulate mechanosensitive subcellular
pathways and influence cellular functions such as motility, pro-
liferation, and differentiation [46—48]. As cells experience more
physical restriction in high-density cultures compared to cells in
low-density cultures, we aimed to test whether increased in phys-
ical restriction altered miR-9 expression in glioma cells in vitro.
To this end, we added glass microbeads (53-56 pm) to glioma
cell cultures in an effort to increase the physical restriction of the
cells whilst not increasing the overall cell number. Here, we

250,000
cells per cm?

5,000 50,000

5,000 250,000

C

cells plated at 50000 or 250,000 cells/cm? compared to untreated control.
*p < 0.01 vs. untreated control. C, Effect of glucose deprivation on miR-9
expression in 9 L cells plated at 5000, 50,000, or 250,000 cells/cm?
compared to cells cultured in normal glucose conditions. *p < 0.01 vs.
normal glucose control

added 200 k glass beads/ cm? to cells grown at a density of
200 k/cm?, and compared them to cells grown without glass
beads at 200 k/cm”. We then measured miR-9 expression 24 h
after plating the cells. These experiments were inconclusive.
Here, we found a modest decrease in miR-9 in cultures contain-
ing glass beads. However, upon inspection, the cells attached to
glass beads in addition to the culture flask, which likely increased
the available culture area, and reduced physical restriction. Thus,
were unable to isolate the contribution of physical restriction to
the density dependent induction of miR-9 that we measured
in vitro.

Taken together, we were unable to determine the compo-
nent of density-dependent induction of miR-9 in 9 L glioma
cells in vitro. Our experiments that tested the contribution of
soluble factors, gap junction communication, or glucose avail-
ability, did not isolate the mechanism by which an increase in
cell density in vitro resulted in increased miR-9 expression.
Nevertheless, our experiments revealed that miR-9 expression
in cultured glioma cells was positively correlated with density.
Most notably, our findings demonstrate that over-expression
of miR-9 has a biphasic effect upon glioma cell proliferation
and invasion that depends upon cell density. Finally, we found
that miR-9 expression was increased by hypoxiain 9 L cells at
moderate to high culture densities.

Discussion
Numerous mechanisms have been implicated in the transition

of glioma cells from proliferation to invasion; however the
phenotypic dichotomy of cell proliferation and migration
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suggests coordinated regulation of the switch. Most miRNAs
simultaneously regulate multiple targets, thereby conducting
multifaceted changes in protein expression [5, 49, 50]. Several
miRNAs have been identified that correlate to clinical out-
comes and modulate glioblastoma proliferation and invasion
[9, 50-52]. In an effort to elucidate the signaling mechanisms
that regulate the switch from proliferation to invasion in ma-
lignant glioma, we performed LCMD to isolate glioma cells
from the primary tumor and from invasive tumor islets located
>100 um from the tumor boundary. We then assayed 172
miRNAs in these two cell regionally distinct populations,
compared relative expression levels, and found that miR-9
was the most disparately expressed miRNA among those
assayed, at levels more than 10-fold higher in invasive islets
compared to cells in the primary tumor.

Previous investigations have indicated that miR-9 pro-
motes glioma migration, however opposing effects of miR-9
upon migration and proliferation have been reported in other
tumors [13, 53, 54]. To clarify the role of miR-9 in the inva-
sion and proliferation in glioma, we tested the effect of miR-9
over-expression in cultured glioma cells. As miR-9 was dif-
ferentially expressed in primary tumor cells or those in islets in
brain adjacent to tumor, we chose to vary the cell plating
density in our experiments. These experiments revealed the
unexpected result that the effect of miR-9 over-expression
upon proliferation and invasion was dependent upon the rela-
tive cell density; at high cell densities, miR-9 over-expression
decreased migration, and increased proliferation of glioma
cells, whereas at low cell densities (like those found in the
invasive region around the primary tumor), miR-9 over-ex-
pression increased migration and decreased proliferation of
glioma cells. We confirmed this effect in both 9 L and U87
glioma cell lines.

Our results demonstrated the following: 1) miR-9 increases
glioma cell migration and decreases proliferation at low den-
sities, but has the opposite effect at high densities, 2) a region
of hypoxia is found in brain-adjacent to tumor, but the region
far from the tumor which includes the invasive zone, is less
hypoxic. These findings, taken together with the finding that
hypoxia decreases cell-cell adhesion, have led us to develop
the following hypothesis regarding the contribution of miR-9
and hypoxia to glioma invasion and satellite tumor islet for-
mation in glioma (Fig. 6): Cells at the primary tumor/brain
interface are hypoxic. As a result of this hypoxia, cell-to-cell
adhesion is reduced and thus, cells have a propensity to detach
from the surface of a primary tumor. Cells in the invasive
region have a high miR-9 expression. Once detached, individ-
ual glioma cells near the primary tumor experience both hyp-
oxia and low tumor cell density, which promotes an invasive
phenotype (low proliferation, high migration). As these inva-
sive cells migrate away from the tumor, conditions become
less hypoxic, which leads to an increase in cell-to-cell adhe-
sion, and thus an increased tendency for tumor cells to cluster
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Fig. 6 Schematic outlining the possible contribution of miR-9 to
invasion and satellite tumor formation in brain. Zone 1: Primary tumor.
Zone 2: Hypoxic invasive zone (close to the primary tumor). Zone 3:
Non-hypoxic invasive zone (distant from the primary tumor). Cells at
the primary tumor/brain interface are hypoxic. Due to hypoxia, cell-to-
cell adhesion is reduced and tumor cells detach from the primary tumor.
Tumor cells in the invasive region are at relatively low tumor cell density,
but high miR-9 expression promotes an invasive phenotype (high
migration, low proliferation). As invasive tumor cells migrate away
from the primary tumor, conditions become less hypoxic, which leads
to an increase in cell-to-cell adhesion and decrease in migration, and
thus an increased tendency to cluster. Tumor cell clustering results in
density-driven miR-9 expression and thus, cell proliferation. Thus, the
biphasic effects of miR-9, and the effects of hypoxia upon adhesion
may contribute to the phenotypic switch from invasion to proliferation,
leading to formation of satellite tumors

[32]. Clustering results in increased local cell density, and
density-driven miR-9 expression promotes cell proliferation.
Thus, the biphasic effects of miR-9, and the effects of hypoxia
upon adhesion may contribute to the phenotypic switch from
invasion to proliferation, leading to formation of satellite
tumors.

We investigated what could promote expression of miR-9
in tumor cells in the invasive region. Density-dependent sig-
naling mechanisms have been identified in tumor cells, in-
cluding glioma [55-57]. We tested if cell density would affect
expression of miR-9 in vitro. To our surprise, cell density
positively correlated with increased miR-9 expression in cul-
tured 9 L and U87 glioma cells; glioma cells plated at low
densities expressed significantly less miR-9 than cells plated
at higher densities. Taken together with the density-dependent
biphasic effects of miR-9 that we observed in cells over-
expressing miR-9, we surmise that the effect of miR-9 upon
the phenotypic axis of invasion and proliferation in glioma
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cells is multi-potent and dynamically modulated by the tumor
microenvironment.

Hypoxia promotes glioma invasion [23, 24]. Indeed, it is
considered that hypoxia contributes to the pseudopalisading
of glioma cells at the tumor periphery by down-regulating
proliferation and increasing tumor cell migration [22, 58,
59]. Hypoxia promotes glioma cell migration and decreases
proliferation, whereas oxygenation has the opposite effect [22,
58]. Thus, hypoxia has been identified as a key component in
orchestration of the metabolic grow-to-go transition of indi-
vidual tumor cells that underpins the invasive nature of glioma
[58, 60]. Work by Brat et al. provides evidence that satellite
cell accumulation is the result of motile hypoxic cells which
are less proliferative and more apoptotic than those in the
adjacent parent tumor [59]. In agreement with previous find-
ings that pseudopalisading cells are severely hypoxic and
over-express HIF-1o [22, 59], our immunohistochemistry re-
vealed HIF-1o was most highly expressed in the invasive
periphery of 9 L xenografts in brain.

In our in vitro experiments, we found that hypoxia in-
creased miR-9 expression in glioma cells cultured at moderate
or high densities. We previously revealed that hypoxia de-
creases the adhesion molecule E-cadherin in glioma cells,
and that decreased cell-to-cell adhesion contributed to migra-
tion of glioma cells under hypoxic conditions rather than an
increase in motility [25]. In this study, we tested the effect of
miR-9 over-expression upon E-cadherin in cultured glioma
cells, and found that miR-9 increased E-cadherin protein
expression.

Infiltration of tumor cells into surrounding normal brain
tissue confounds clinical management of malignant glioma.
Hypoxia and resulting anaerobic glycolysis plays a dual role
in regulating tumor proliferation and invasion, and compelling
evidence suggests that hypoxic stress upon pseudopalisading
cells at the tumor periphery drives the invasive process [22,
58-61]. Numerous pro-invasive molecules have been shown
to be inducible by hypoxia and HIF-1, including miR-9 [11,
23, 62]. Sequential switching between proliferation and inva-
sion characterizes malignant glioma progression [61]. Tan
et al., provided evidence for a role for miR-9 in the grow or
go phenomenon in malignant glioma cells, reporting a
proliferation-inhibitory role for miR-9 by targeting CREB
and a migration-enhancive role by suppressing NF1 [13]. In
this investigation, we found that the effect of miR-9 over-
expression upon invasion and proliferation was biphasic,
and dependent upon cell density. To our knowledge the exper-
iments by Tan et al., were not carried out at multiple cell
densities, and it would be interesting to test if miR-9/CREB
feedback was altered by different cell seeding numbers.
Indeed, reports of the influence of miR-9 upon tumor migra-
tion and proliferation are conflicting [13, 54, 63]. Our data
suggests that some of the differences observed might be due
to different cell densities in experiments.

The processes of proliferation and invasion of malignant
glioma cells are presumed to be mutually exclusive and the
term “go or grow” has commonly been used to describe this
behavior [22, 58, 64]. In previous investigations of this phe-
notypic axis, signaling molecules such as miRNAs and pro-
teins have been characteristically revealed as monotonic reg-
ulators of growth or invasion [1, 12, 22, 65]. Here, we identify
miR-9 as a molecule with the capacity to drive either invasion
or growth, dependent upon local cell density. As miR-9 targets
numerous mMRNAs, it is probable that the biphasic effect of
miR-9 represents a shift in the available target profile, which
in turn may be influenced by cell density. However, we were
unable to isolate the aspect of cell density that drives miR-9
expression, and further experiments are warranted. Hypoxia
promotes miR-9 expression in glioma cells, and invasive cells
on the tumor periphery are characteristically hypoxic. We
found that miR-9 expression was highly disparate between
cells within the primary tumor and those within the invasive
zone in vivo. Thus, we surmise that miR-9 is a regulator of
satellite tumor formation in malignant glioma, making it a
compelling target for therapeutic intervention.
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