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Abstract High-grade gliomas are considered the most malig-
nant of brain tumors and have a poor prognosis. In a previous
study, we showed that LIM domain only 2 (LMO2) regulates
glioma stem cell properties and tumor angiogenesis and gave
rise to highly invasive glioma xenografts. Glioma invasion in
the surrounding parenchymal tissues is a major hurdle with
respect to eliminating glioma by surgery. Invasive glioma cells
are considered one of the main culprits for the recurrence of
tumors after therapies. In the current study, we focused on
determining the molecular mechanism(s) by which LMO2
regulates glioma cell migration and invasion. Forced expres-
sion of LMO?2 in human U87MG glioma cells led to glioma
invasion, as determined by in vivo xenograft assays and en-
hanced in vitro migration and invasion. LMO2 was associated
with increased levels of cytosolic p27"P! protein. LMO2 pos-
sibly induced the stabilization and augmented interactions be-
tween p27%"! and RhoA. We knocked down the expression of
p27%"P! which led to a decrease in LMO2-driven glioma cell
migration and invasion. Taken together, our findings indicate
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Introduction

High-grade glioma (HGG) is one of the most devastating
brain tumors, with a median survival period of 12—14 months
[1]. Histologically, HGG tumors are highly invasive and are
characterized by intrusions into surrounding brain tissues [2].
HGG cells often migrate to the distal region of the brain via
white matter tracts and blood vessels [3, 4]. Because of these
invasive and migratory capabilities, conventional therapies
such as surgical resection, chemotherapy, and radiotherapy
often fail to eliminate disseminated HGG cells. These remain-
ing infiltrative tumor cells result in the recurrence of brain
tumors and are responsible for the poor prognosis associated
with HGG [5].

Cell migration is a multistep process involving leading
edge protrusion, lamellipodium, and tail retraction. These pro-
cesses are regulated by diverse intracellular signaling mole-
cules [6]. The Rho-type GTPases play an important role in
modulating cell motility and shape. Among them, Rho, Rac,
and Cdc42 are key components in controlling actin cytoskel-
eton dynamics [7]. Rho regulates the contraction of actin-
myosin filaments, while Cdc42 and Rac regulate actin polar-
ity. The dysregulation of these proteins has been reported in
many human malignancies, including skin [8], bladder [9],
and brain cancer [10, 11].

The LIM domain only 2 (LMO2) protein is a member of
the LMO family. It does not bind to DNA but acts as a bridg-
ing molecule in a multi-protein complex containing LDBI1,
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SCL/TAL1, E2a, and GATA1. This complex binds DNA
through the zinc fingers of GATA1 and the basic helix-loop-
helix components of TAL1 and E47 [12—14]. LMO2 functions
as an effector for gene expression and is usually required for
enhanced transcription [15]. Results from a number of studies
have revealed that LMO2 plays an essential role in hemato-
poiesis and angiogenesis during early embryonic development
[16-18].

p275"! is known to have dual functions in the regulation of
cell cycle and cell migration, based on its subcellular locali-
zation. In the nucleus, p27" binds to cyclin E/CDK2 and
inhibits G1-S transition [19]. In early G1, nuclear p27Kipl is
phosphorylated at serine 10 by mitogenic signals, which fa-
cilitates its nuclear export [20, 21]. Oncogenic signals such as
PI3K/AKT and RAS/MAPK phosphorylate cytosolic p27<"!
at threonines 157 and 198, leading to p27<"" stabilization.
Cytosolic p27%"P! promotes cell proliferation via interaction
with cyclin D/CDK4 [22] and cell migration via inhibition of
RhoA/ROCK signaling [23].

In a previous study, we showed that LMO2 promotes the
initiation and progression of tumors by inducing glioma stem
cell properties and tumor angiogenesis [24]. Ectopic expres-
sion of LMO?2 in astrocytes from Ink4a/Arf knockout mice
gave rise to highly invasive gliomas [24]. We investigated
whether LMO2-driven glioma cell migration and invasion is
a common event among human glioma cells. We found that
LMO?2 induces glioma cell migration and invasion by stabi-
lizing the cytosolic p27<P! protein.

Material and methods
Cell culture

The human glioma cell line US7MG was purchased from the
American Type Culture Collection (Manassas, VA, USA).
Cell cultures were maintained in high-glucose Dulbecco’s
modified Eagle’s medium (Lonza, Switzerland) supplemented
with 10 % fetal bovine serum (FBS) (Serana, Australia) and
incubated at 37 °C/5 % CO..

Plasmids, transfection, and retroviral infection

The gene sequence encoding the LMO?2 protein was cloned
into the pLL-CMV-puro lentivirus vector. These recombinant
vectors were transfected into the human embryonic kidney
cell line 293FT (Invitrogen, Carlsbad, CA, USA) with
PolyExpress™ Transfection Reagent (Excellgen, Rockville,
MBD, USA) according to the manufacturer’s instructions. Len-
tiviruses were concentrated with Lenti-X™ Concentrator
(Clontech, Japan). Cells were also transfected with p27<"'-
specific short-hairpin RNAs (shRNAs; 5-AAT GGA CAT
CCT GTA TAA GCA-3'), which were cloned into pSUPER-
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GFP-Neo according to the manufacturer’s instructions
(Oligoengine, Seattle, WA, USA) [25].

Western blotting

Whole cell extracts, for western blotting, were prepared using
RIPA lysis buffer (150 mM NaCl, 1 % Nonidet P-40, 0.1 %
sodium dodecyl sulfate [SDS], and 50 mM Tris pH 7.4) sup-
plemented with 1 mM (3-glycerophosphate, 2.5 mM sodium
pyrophosphate, 1 mM NaF, 1 mM NazVO,, and a protease
inhibitor cocktail (Roche, Switzerland). Total protein content
was quantified using Bradford assay reagent (Bio-Rad,
Hercules, CA, USA) according to the manufacturer’s instruc-
tions. Equal quantities of total protein from each sample were
separated by 12 % SDS-polyacrylamide gel electrophoresis
(SDS-PAGE). Proteins were then transferred to
polyvinylidene difluoride membranes (Millipore, Billerica,
MA, USA). The membranes were blocked in 5 % (w/v) nonfat
milk for 1 h at room temperature and then incubated with goat
anti-LMO?2 (diluted 1:1000; R&D Systems, Minneapolis,
MN, USA), rabbit anti-p27 (1:2000; Santa Cruz Biotechnol-
ogy, Dallas, TX, USA), rabbit anti-p-p27 (1:1000; R&D Sys-
tems), rabbit anti-p-Akt (1:1000; Signalway Antibody, Pear-
land, TX, USA), or mouse anti-human «-tubulin (1:10,000;
Sigma-Aldrich, Missoula, MO, USA). Membranes were incu-
bated with the appropriate horseradish peroxidase-conjugated
secondary antibodies and signals visualized with a picoEPD
Kit (Elpis Corporation Ltd., Seoul, South Korea). The results
were quantified using ImagelJ software (National Institute of
Health, Bethesda, MD, USA).

Immunoprecipitation

U8TMG cells were washed twice with cold phosphate-
buffered saline (PBS) and lysed with 4 °C IP buffer (50 mM
Tris pH 7.5, 1 % Nonidet P-40, 150 mM NaCl, 1 mM
Na3;VO,, and 2 mM EGTA) supplemented with a protease
inhibitor cocktail (Roche). Cells were allowed to lyse on ice
for 20 min and were then centrifuged (14,000 rpm, 20 min,
4 °C). Immunoprecipitation was conducted using an antibody
against p27. Immune complexes were captured with A/G
Plus-agarose Beads (Millipore). After two washes with IP
buffer and one wash with PBS, bead-bound proteins were
separated by 12 % SDS-PAGE. Subcellular fractions were
prepared as described previously [26]. Briefly, whole cell ex-
tracts were prepared with Buffer A (10 mM HEPES pH 7.9,
10 mM KCI1, 0.1 mM EDTA, 1 mM dithiothreitol [DTT], and
0.5 mM phenylmethylsulfonyl fluoride [PMSF]). After cen-
trifugation (13,000 rpm, 10 min, 4 °C), supernatants were
used as cytosolic extracts. These extracts were treated with
Buffer B (20 mM HEPES pH 7.9, 0.4 M NaCl, 1| mM EDTA,
I mM DTT, 1 mM PMSEF, and 10 % NP-40) and centrifuged
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(13,000 rpm, 10 min, 4 °C). The resulting supernatants were
used as nuclear extracts.

Wound-healing assays

Cells were seeded into 6-well plates and grown until conflu-
ent. A linear wound was made by scraping a pipette tip across
the cell monolayer, and the culture medium was replenished.
At 18 h after the wound was made, images from four random
fields of view were obtained using an Olympus microscope
equipped with a camera (Olympus, Japan). Cell migration was
calculated by measuring the gaps between cells.

Transwell invasion assays

The upper chambers of 24-well transwell plates (Corning Co-
star, Corning, NY, USA) were coated with Matrigel (BD Bio-
sciences, Franklin Lakes, NJ, USA) and incubated at 37 °C for
24 h. The opposite side of upper chambers were coated with
0.2 % gelatin and incubated at 37 °C for at least 4 h. We then
added 5x10* cells suspended in 100 uL of DMEM to each
upper chamber. The lower chambers contained DMEM sup-
plemented with 10 % FBS. Plates were incubated at 37 °C/5 %
CO, for 3 days to allow cells to migrate through the Matrigel-
coated filter membrane. Media in the upper chambers were
removed carefully, and the filter was then stained with trypan
blue. Cells that had migrated to the lower surface of the mem-
brane were counted with the aid of a microscope.

Immunofluorescence assays

We fixed U87MG cells with 4 % paraformaldehyde for
10 min. Fixed cells were washed with PBS, permeabilized
with 3 % Triton X-100 for 3 min, and blocked with 1 %
BSA for 30 min. Samples were incubated with an antibody
against p27 (diluted 1:200 in PBS) for overnight at 4 °C. The
samples were then incubated with rabbit anti-mouse Alexa
Fluor” 488 or Alexa Fluor 488" phalloidin (Invitrogen) at
room temperature for 30 min and mounted with 4',6-
diamidino-2-phenylindole (diluted 1:1000 in PBS) for 5 min.

Orthotopic implantation assay

We harvested US7MG cells by trypsinization, washed them in
PBS, and determined cell viability by trypan blue exclusion.
We only used single-cell suspensions with >90 % viability for
in vivo studies. Cells (5% 10* in 3 uL of PBS) were stereotac-
tically injected into the left striatum of 6-week-old BALB/c
nu/nu nude mice (coordinates relative to the bregma: anterior—
posterior +2 mm, medial-lateral +2 mm, and dorsal-ventral
—3 mm). Mice whose body weight had decreased by >25 %
were considered to have an intracranial tumor. Mice harboring
tumors were perfused with PBS and 4 % paraformaldehyde.

Intracranial tumor tissues were embedded in paraffin and sec-
tioned (4-um thickness) and stained with hematoxylin and
eosin. All animal experiments were approved by the animal
care committee of the College of Life Sciences and Biotech-
nology, Korea University (Seoul, Republic of Korea), and
were performed in accordance with government and institu-
tional guidelines and regulations.

Statistical analysis

Statistical analyses were performed with two-tailed Student’s ¢
test. A P value less than 0.05 or 0.01 was considered signifi-
cant or very significant, respectively.

Results

LMO2 stimulates human U87MG glioma cell invasion
in in vivo xenografts

We established human U87MG glioma cells that
overexpressed LMO2 (U87MG-LMO2) and generated mouse
xenografts by orthotopic implantation using U87MG and
U87MG-LMO?2 cells. The U87MG-LMO?2 cells gave rise to
highly invasive gliomas (Fig. la, b) compared with those from
control U87MG cells (Fig. 1c, d). Tumors derived from
U87MG-LMO?2 cells had more finger-like protrusions in
tumor margin than those from control US7MG cells
(Fig. le). These results indicate that LMO2-mediated
glioma invasion is a general feature of murine and hu-
man glioma cells.

LMO2 enhances in vitro migration and invasion of human
U87MG glioma cells

Results from many studies have demonstrated that glioma cell
invasion of xenografts is influenced by the tumor microenvi-
ronment [27]. We sought to determine whether LMO?2 regu-
lates glioma invasion by altering the glioma microenviron-
ment or glioma cell per se. We examined the in vitro migratory
ability of US7MG and U87MG-LMO2 cells using wound-
healing assays. We found that U87MG-LMO?2 cells migrated
2.2-fold faster than US7MG cells, as measured by cell migra-
tory distances at 18 h after wounding (Fig. 2a). We then in-
vestigated the invasiveness of U§7MG and U887MG-LMO2
cells and found that U87MG-LMO2 cells were more invasive
than their U87MG counterparts (Fig. 2b). Taken together,
these results indicate that LMO2 directly affects the migratory
capabilities and invasiveness of glioma cells in vitro, and this
is likely reflected in in vivo xenografts.
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Fig. 1 LMO2 promotes US§7MG invasion in in vivo xenografts. a A
section stained with hematoxylin and eosin (H&E), showing a margin
region of a mouse brain tumor xenograft derived from human U87MG-
LMO?2 cells (U87-LMO2; x50 magnification). b The red square shown
in a at X400 magnification. ¢ A section stained with H&E showing a
margin region of a mouse brain tumor xenograft derived from U87MG

LMO2 increases cytosolic p27*'*! levels and its interaction
with RhoA

We previously demonstrated that accumulation of p27<P! in
U87MG glioma cells induces glioma cell migration and inva-
sion [25]. The p27%"" protein is a cyclin-dependent kinase
(CDK) inhibitor in the nucleus and a cell migration inducer
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° 0
[+ 4
CON LMO2

X400

cells (U87-CON; x50 magnification). d The red square shown in ¢ at
%400 magnification. N indicates normal brain regions in a mouse, while 7
indicates U87MG-derived brain tumor xenografts. e The number of
invasive finger-like protrusions was counted randomly in the six fields
of margin region of CON and LMO2 tumors. *P<0.05 (n=6)

in the cytosol [23]. AK T-mediated phosphorylation of p27%iP!
at threonine 157 contributes to cytosolic localization and sta-
bilization of p27%P! [28, 29]. Thus, we investigated whether
p27P! is involved in LMO2-driven glioma cell migration
and invasion. Ectopic LMO2 expression in US§7MG cells re-
sulted in an increase in p27<P! and phosphorylated AKT
levels (Fig. 3a). We also noticed an increase in the levels of

Fig. 2 LMO?2 induces in vitro A B

migration and invasion of 25 - . 25 -

U87MG glioma cells. a The 2 - *
in vitro migratory ability of 8 2 2 2

U87MG (CON) and U87MG- 5 g

LMO2 (LMO2) cells was w15 - €45 -

examined using wound-healing ] =

assays. **P<0.01 (n=3). 2 4 : 1 -

Representative images of wound ® =

healing assay are shown below. b © 805 -

The invasiveness of CON and = &

LMO?2 cells was determined 0

in vitro using transwell invasion CON LMO2

assays. ¥*P<0.05 (n=3).
Representative images of
transwell invasion assay are
shown below
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Fig. 3 LMO?2 increases cytosolic p27"! and its interaction with RhoA.
a Levels of total (p27) and p27°"" phosphorylated at threoninel57
(pT157-p27) in USTMG (CON), and US7TMG-LMO2 (LMO?2) cells
were examined by western blotting. Protein expression levels were
quantified using ImagelJ software. b The levels of p27<P! mRNAs in
CON and LMO2 cells were analyzed by quantitative polymerase chain
reaction assays. ¢ The subcellular localization of p27%"! in CON and
LMO2 cells was examined by western blotting, with cytosolic and
nuclear fractions of cell extracts. Tubulin and lamin B2 were used as
cytosolic and nuclear protein markers, respectively. Protein expression

p27%"P! that were phosphorylated at threonine 157, which is
involved in the stabilization of p27*"" (Fig. 3a). We failed to
observe any significant differences in p27<' mRNA levels
between U87MG and U87MG-LMO?2 cells (Fig. 3b). These
results suggest that LMO2 might regulate p27<"®" protein
levels through posttranslational modifications, but not by tran-
scriptional regulation.

Cytosolic p275"! is associated with cell migration and in-
vasion [25]; therefore, we examined the subcellular localiza-
tion of p275"!. Western blotting revealed that nuclear p27<""
levels were decreased in U87MG-LMO?2 cells compared with
those in US7MG, but this difference was not significant
(Fig. 3¢). In contrast, cytosolic p27%"! levels were increased
to a greater extent in U87MG-LMO?2 cells than in US7MG
cells (Fig. 3c). Immunofluorescence assay results revealed
that US7MG cells express p27<'?! mainly in the nucleus,
while US§7MG-LMO?2 cells contain cytosolic and nuclear
p27%P! (Fig. 3d).

The p27%"P! protein is known to induce the migration of
cells by directly interacting with RhoA, a key player in cellular
migration via cytoskeleton remodeling [23]. We investigated

LMO2

Cytosolic Nuclear

CON LMO2 CON LMO2
1 2.08 1 0.44
Tubulin [

——

E CON LMO2

Lamin B2 ‘

LMO2

p27

Input

Tubulin

(i

CON LMO2 IP: p27

DAPI
p27

WB : RhoA

WB : p27

i

levels were quantified using ImageJ software. d The subcellular
localization of p27%P! in CON and LMO?2 cells as examined by
immunofluorescence assays. e Levels of p27%"P! LMO2, and tubulin
(indicated as Input) in CON and LMO2 cells were examined by
western blotting. Following immunoprecipitation of CON and LMO2 cell
extracts using an antibody against p27<"!, western blotting was
conducted to assess the interaction between p27%P' and RhoA proteins
employing an antibody against RhoA. Expression levels of p27<P! were
quantified using ImageJ software

whether interactions between p27%P! and RhoA were in-
creased in cells in which LMO2 was overexpressed. We ob-
served that the interaction between these proteins was in-
creased to a greater extent in U§7MG-LMO2 cells compared
with that in US7MG cells (Fig. 3¢). Our results suggest that
LMO?2 might induce the migration and invasion of glioma
cells via increases in cytosolic p275"! levels and through its
interaction with RhoA.

LMO2 regulates glioma cell migration and invasion via
cytosolic p27%'P!

We examined whether an increase in p27<"P' levels was di-
rectly involved with LMO2-driven glioma cell migration and
invasion. We confirmed that siRNA-mediated p27%"' knock-
down reduced the levels of total and phosphorylated p27<P!
in US7MG-LMO2 cells to levels seen in US7TMG cells
(Fig. 4a). Immunofluorescence using phalloidin, a hallmark
of the lamellipodium F-actin network [30], revealed that the
F-actin network in U87MG-LMO?2 cells was obviously de-
creased following p27%P! knockdown (Fig. 4b). Wound-
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Fig. 4 Knockdown of p27%i!
expression decreases LMO2-
driven glioma cell migration and

invasion. a Levels of total and LMO2 -— o
phosphorylated p27%?P! in

U87MG (CON), US7MG-LMO2 pT157-p27 m

(LMO2), and US§7MG-LMO2 1
cells treated with short hairpin

RNAs specific for p27<! p27
(LMO2-shp27) were examined 1
by western blotting. Protein Tubulin
expression levels were quantified
using ImageJ software. b
Changes in the F-actin network of C

CON, LMO2, and LMO2-shp27

cells were assessed using 2 -
immunofluorescence assays
employing phalloidin antibody.
Images are at 400 magnification.
¢ The in vitro migratory abilities
of CON, LMO2, and LMO2-
shp27 cells were examined using
wound-healing assays. **P<0.01
(n=3). Representative images of
wound healing assay are shown
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below. d The invasiveness of 0
CON, LMO2, and LMO2-shp27
cells was determined in vitro
using transwell invasion assays.
*P<0.05 (n=3). Representative
images of transwell invasion
assay are shown below

LMO2

CON LMo2

healing assays showed that the in vitro migratory ability of
U87MG-LMO2 cells was adversely affected by the knock-
down of p27%P! (Fig. 4c). Results from transwell assays
showed that the invasiveness of US§7MG-LMO?2 cells was
also significantly decreased when p27%"P! expression was
knocked down (Fig. 4d). These findings appear to indicate
that LMO2 promotes glioma cell migration and invasion
through increases in p27<P! levels.

Discussion

In a previous study, it was shown that LMO2 expression is
elevated in HGG tissues and that this correlated with a poor
prognosis for HGG patients [24]. HGG cell invasion and dis-
semination in surrounding brain tissues are considered the
main reasons for the devastating outcomes of glioma after
conventional therapy. The recurrence of glioma following
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the completion of conventional therapies is due to infiltrating
glioma cells. Therefore, understanding the mechanisms under-
lying glioma migration and invasion would assist in
preventing glioma recurrence posttherapy. In our current
study, we attempted to elucidate the molecular mechanisms
underlying LMO2-driven glioma migration and invasion.
LMO2 promotes glioma cell migration and invasion by stabi-
lizing cytosolic p27"*! and by increasing the level of interac-
tion between p27<! and RhoA. It is likely that poor clinical
outcomes of HGG patients with high LMO2 levels correlated
with elevated migration and invasion of glioma cells.

The migration and invasion of cells are orchestrated by
several cellular processes, such as cytoskeleton remodeling,
protrusion of the leading edge, cell-matrix interaction, extra-
cellular matrix remodeling, cell contraction, and detachment
of'the trailing edge [31]. Although cell migration and invasion
require multi-step events, our results suggest that one of the
rate-limiting events for LMO2-mediated cell migration and
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invasion involves increased levels of cytosolic p275"'. Like
total and phosphorylated p275"!, levels in p275P'-depleted
U87MG-LMO?2 cells were similar to those in U87MG cells,
cell migration, and invasion of p27%P!-depleted US7TMG-
LMO2 cells that were decreased to levels similar to those seen
for US7MG cells (Fig. 4).

The subcellular localization of p27%"! plays a crucial role
in human tumors. Nuclear p27%"P" inhibits the cell cycle by
suppressing the activity of cyclin-CDK complexes, whereas
cytosolic p27%P! augments cell migration and invasion by
modulating actin filament dynamics, via its interaction with
Rho GTPase. One of the key events for cytosolic p27%P!
localization is the phosphorylation of one of three amino acid
residues (serinel0, threoninel57, or threoninel198) [32]. In
particular, the phosphorylation of p27%"! at threonine157 by
AKT leads to its retention in the cytoplasm [33]. Furthermore,
the nuclear localization of threoninel57-phosphorylated
p275"! is reduced via interactions with the 14-3-3 protein
[34]. In addition, we observed that there was no change in
p27%PT MRNA levels by LMO2, while phosphorylated
AKT and p27%P! were increased in the LMO2-
overexpressing cells. Because AKT phosphorylates and stabi-
lizes p27%"P! it is likely that LMO2 augments cytosolic
p27%"P! Jevels through increased protein stability. In our cur-
rent study, we did not show the molecular mechanisms that
LMO?2 directly increases threoninel57-phosphorylation of
p27%"P! protein. However, our study suggested that LMO2-
driven phosphorylation of p27<P! is a crucial event with re-
spect to glioma migration and invasion and that identification
of the responsible mechanism(s) is required to develop an
effective plausible therapeutic modality targeting LMO2-
driven glioma invasion.
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