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Medulloblastomas are the most common malignant
tumors of the central nervous system during childhood.
Radiation-induced medulloblastoma tumor recurrences
are aggressive and metastatic in nature. In the present
study, we demonstrate that Gadd45a expression can sen-
sitize medulloblastoma cells to radiotherapy. We have
elucidated the role of Gadd45a in ionizing radiation
(IR)–induced G2-M arrest and invasion and metastatic
potential of the medulloblastoma cancer cell lines
DAOY and D283. We demonstrate that Gadd45a is
induced by IR and results in p53 phosphorylation. The
role of IR-induced Gadd45a in G2-M arrest is demon-
strated by fluorescence-activated cell sorting analysis in
the cells treated with siRNA Gadd45a and Ov-exp
Gadd45a. We show that Ov-exp Gadd45a aggravates
G2-M blockage and also increases binding of Gadd45a
to Cdc2 by immunocytochemistry analysis.
Furthermore, we show the anti-tumorigenic role of
Gadd45a to be mediated by the negative regulation of
IR-induced cancer cell invasion and migration-associated
proteins, such as matrix metallopeptidase (MMP)–9 and
b-catenin. When compared with IR treatment alone, Ov-
exp Gadd45a plus IR treatment resulted in decreased
nuclear localization and increased membrane localiz-
ation of b-catenin, and this was further confirmed by
membrane distribution. We also show that Ov-exp
Gadd45a resulted in downregulation of MMP-9 and
suppression of epithelial-mesenchymal transition
(EMT). Alternatively, inhibition of MMP-9 (pM)
resulted in upregulation of Gadd45a and suppression of
EMT. The anti-tumor effect of pM was correlated with
increased expression of Gadd45a protein in nude mice
intracranial tumors. Taken together, our studies

demonstrate that upregulation of Gadd45a or suppres-
sion of MMP-9 (pM) with IR retards medulloblastoma
tumor metastatic potential.
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M
edulloblastoma is the most common infraten-
torial malignant tumor, with an incidence of
19%–20% among children aged ,15

years.1 Surgical resection followed by craniospinal
irradiation has been the mainstay of medulloblastoma
therapy for many years.2 Prognosis is worse for the
patients who have metastatic disease, who have unre-
sectable tumors, or who are very young.3 Treatment of
medulloblastoma has improved but is associated with
significant cognitive morbidity.4 High-energy rays in
radiotherapy cause cellular DNA damage and lead to
decreased tumor development5 but, in turn, activate
cancer cell invasion proteins such as matrix metallopep-
tidase (MMP)-9,6 leading to sporadic late recurrences. A
significant number of retrospective studies have reported
cancer recurrences cases with radiotherapy.7,8

Therefore, a greater understanding of the oncogenic
pathways leading to medulloblastoma recurrence and
its invasion is crucial to identify specific molecular
targets with significant therapeutic implications.

In the present study, we attempted to elucidate the
role of Gadd45a in ionizing radiation (IR)–induced
G2-M arrest, invasion, and metastasis of medulloblas-
toma cancer cell lines, DAOY and D283. Gadd45a, a
DNA-damage-inducible, stress sensor protein, has
been implicated in maintenance of genomic fidelity and
DNA repair and suppression of cell growth9 in response
to a number of DNA-damaging agents and genotoxic
stresses, including ultraviolet (UV) radiation,
receipt of DNA alkylating agents, and ionizing
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radiation.10,11 Gadd45a null mice generated by gene tar-
geting exhibit severe genomic instabilities and show sus-
ceptibility to DNA damage-induced tumors, including
carcinogenesis induced by ionizing radiation and UV
radiation.9,12 Interestingly, Gadd45a is the only
member of the Gadd gene group that is frequently indu-
cible by ionizing radiation in human cells with wild-type
p53.13,14

Wang et al.15 were the first to show that microinjec-
tion of the Gadd45a expression into normal human
fibroblasts could block cells at the G2-M phase, indicat-
ing that Gadd45a may cause cell cycle arrest at the
G2-M phase. Additional studies elucidated its role in
the G2-M cell cycle checkpoint, and findings were attrib-
uted to the capacity of Gadd45a to bind Cdc2 and
inhibit Cdc2 kinase activity.16,17 The Cdc2-binding
domain of Gadd45a is located at the central region of
this protein (amino acids 65–84), and deletion of this
central region in the Gadd45a protein halts
Gadd45a-mediated G2-M cell cycle arrest and
Gadd45a-induced growth suppression, indicating that
G2-M arrest is one of the major mechanisms by which
Gadd45a suppresses cell growth.18

Currently, the most compelling finding on the bio-
logical function of Gadd45a is that the defect of
Gadd45a is not only closely associated with genomic
instability, but also tumorigenesis. Gadd45a has been
identified as a key factor at protecting the epidermis
against UV-induced skin tumors.12 High-frequency
mutations of the Gadd45a gene in pancreatic cancer
and abnormal methylation of the Gadd45a promoter
in breast cancer have been identified, which further
strengthen its link to cancer.19,20 All of these studies
suggested that Gadd45a might play an important role
in the negative regulation of cell malignancy. However,
the underlying mechanisms by which Gadd45a regulates
malignancy are still poorly understood.

Most recently, Gadd45a has been attributed to regu-
lating MMPs, which promote cell migration, invasion,
and metastasis.21 According to Hildesheim et al.,22

Gadd45a induced by UV radiation regulates MMP
expression by suppression of b-catenin levels in the cyto-
plasm, via the activation of adenomatous polyposis coli
(APC) destruction complex. Free cytoplasmic levels of
b-catenin result in the accumulation of b-catenin in the
nucleus, where it functions as a bipartite transcription
factor complex with the T cell factor/lymphocyte
enhancer binding factor (Tcf/lef). Targets of Tcf/lef
include invasion and metastasis promoting endopepti-
dases and MMPs.23 Ji et al.24 demonstrated that
Gadd45a is involved in the control of cell contact inhi-
bition (CCI) and cell-cell adhesion (CCA) by inducing
b-catenin translocation to the cell membrane.
b-catenin plays an important role in maintaining CCA
and CCI by linking cadherins to the actin cytoskeleton
through its interaction with the intracellular tail of cad-
herins.25 The loss of cadherins/b-catenin complex func-
tion leads to disruption of CCI and CCA, which is
important for cell malignancy and cell invasion.26,27 A
previous study demonstrated that nerve growth factor-
induced Gadd45a expression is independent of JNK

and p38 MAPK in medulloblastoma (D283-TrkA)
cells.28 However, to our knowledge, no detailed
studies have been done that show the role of
Gadd45a in medulloblastoma. As a continuation
of our previous studies, in which we showed that
downregulation of MMP-9 (pM) induces G2-M
arrest,29 we demonstrate in this study that Gadd45a
expression can sensitize medulloblastoma cells to radio-
therapy and that induction of Gadd45a expression by
pM in combination with radiotherapy has therapeutic
implications.

Materials and Methods

Cell Culture, Chemical Reagents, Transfection
Conditions, and Radiation

Human medulloblastoma cell lines DAOY and D283
were purchased from ATCC and maintained in serum
containing advanced minimum essential medium
(MEM) or improved MEM, respectively, in a 378C incu-
bator with 5% CO2 humidified atmosphere. The follow-
ing antibodies were purchased from Santa Cruz
Biotechnology: anti-p53, p-p53 (Ser15), Cdc2, p-Cdc2
(Thr14/Tyr15), Gadd45a, b catenin, MMP-9,
N-cadherin, E-cadherin, lamin B, flotillin-2, LEF-1,
GAPDH and species-specific secondary antibodies con-
jugated to HRP, and Alexa Fluor 488 and 595;
anti-p-b catenin (Ser33/37/Thr41) was purchased
from Cell Signaling. Cells were transfected either with
shRNA against MMP-9 (pM)30 or with Gadd45a
siRNA (h) (sc-35440, Santa Cruz Biotechnology) for
knockdown of MMP-9 and Gadd45a, respectively.
The human cDNA clone of GFP-tagged Gadd45a,
pCMV6-AC-GFP (RG204005, OriGene Technologies),
was used for overexpression of Gadd45a (Ov-exp
Gadd45a), and purified human MMP-9 (rMMP-9) was
obtained from Chemicon International. All transfection
experiments were performed using FuGENE HD trans-
fection reagent (Roche Diagnostics) in accordance with
the manufacturer’s instructions. Control cells were pro-
cessed in the same way as treated cells and were incu-
bated with either equal volumes of FuGENE HD or
transfected with pSV (Scrambled Vector). Radiation
treatment was given using the RS 2000 Biological
Irradiator X-ray unit (Rad Source Technologies). For
the combination treatment (transfection and radiation),
cells were irradiated at 8 Gy after 48 h of transfection
and incubated for another 16–24 h. The proteins for
immunoblot analysis were processed using a protease
inhibitor cocktail (Sigma Aldrich).

Cell Proliferation and Viability and TUNEL Assays

Cell growth was assessed using a MTT [3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide]
assay (Sigma Aldrich), as described previously by Rao
et al.31 To determine the cell number and the effect of
radiation on cell viability, we performed the trypan
blue exclusion assay. The cells were suspended in equal
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volume of trypan blue stain (0.4% w/v), incubated for
5 min, and counted using the Countess Automated Cell
Counter (Invitrogen). The TUNEL assay was done
using in situ cell death detection kit (Roche) in accord-
ance with the manufacturer’s protocol. In brief, treated
DAOY and D283 cells for 72 h in 8-well chambered
slides were fixed with 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4). Next, cells were incubated
with a TUNEL reaction mixture for 60 min at 378C in
a humidified incubator. The slides were washed 3
times with phosphate-buffered saline (PBS), and the
incorporated biotin-dUTP was detected under a fluor-
escence microscope.

Cell Cycle Analysis by Fluorescence-Activated Cell
Sorting (FACS)

The treated cells were harvested by trypsinization and
stained with propidium iodide (PI) (2 mg/mL;
Biosure). Suspensions of 1 × 106 cells were analyzed
by FACS Caliber System (Becton Dickinson Bioscience)
with laser excitation at 488 nm and emission at
639 nm. The percentages of cells in the various phases
of the cell cycle (G0/G1, S, and G2/M) were assessed
using Cell Quest software (Becton Dickinson
Bioscience). The immunofluorometric analysis of
Gadd45a protein was performed by incubating the
treated cells with primary anti-Gadd45a antibody
(1:250) followed by species-specific green Alexa Fluor
488 conjugated secondary antibody, in accordance
with standard protocol.

Matrigel Invasion and Wound-Healing Assays

Matrigel invasion assay was performed by following a
previously established protocol.31 In brief, 1 × 105 and
2 × 106 control, IR-treated or transfected DAOY and
D283 cells, respectively, were plated onto
Matrigel-coated transwell inserts that were placed in a
12-well plate containing complete medium.
Twenty-four h after incubation, lower invaded cells
were fixed and stained with HEMA-3. The noninvaded
cells in the upper chamber were washed using a cotton
swab to enable a clear view of the invaded cells.
Images of the invaded cells were taken under a light
microscope (Olympus IX-71). For the wound healing
migration assay, the control and treated cells were
grown to full confluence in a 6-well plate to form a
monolayer, and a straight scratch was made manually
in individual wells using a 200-mL pipette tip, as
described previously.30 This point was considered the
“0 h” and the width of the wound was immediately
photographed under the light microscope. The cells
were further incubated for about 12–16 h.

Clonogenic Assay

Clonogenic assay or colony formation assay was per-
formed according to the Franken et al.32 protocol,
with slight modification. In brief, single cell suspension

of DAOY- and D283-treated cells was prepared.
Approximately 500 and 1000 DAOY- and D283-
treated cells, respectively, were individually plated in
60-mm plates, spread well, and incubated for 10–15
days until cells in control plates had formed sufficiently
large colonies. Next, only DAOY cells were stained
with HEMA-3 for 10 min, and colonies were counted
and graphically represented. Images were taken directly
for D283 colonies without staining, using the standard
200-mm scale bar.

Extraction of Nuclear Proteins and Phase Partitioning
Using Triton X-114

Nuclear extracts were prepared using a nuclear extrac-
tion kit from Panomics in accordance with the manufac-
turer’s instructions. Phase partitioning for separation of
membrane and cytoplasmic proteins was done using the
nonionic detergent Triton X-114, as described by Brusca
and Radolf,33 with some modifications. The total
number of cells in a 100-mm dish with 80%–85% con-
fluence were suspended in 1 mL of ice cold 1X PBS with
1 mM PMSF/10 mM EDTA and disrupted with a glass-
glass Potter homogenizer. The cell homogenate was cen-
trifuged at 6000 g for 15 min at 48C to remove insoluble
debris, and Triton X-114 was added to a final concen-
tration of 2%. The solution was vigorously mixed,
kept on ice for 20 min, and incubated at 378C for
15 min. Phase separation was accelerated by centrifu-
ging the sample at 300 rpm for 5 min at room tempera-
ture. Finally, proteins from the aqueous and detergent
phases were precipitated with 10 volumes of acetone
at 2208C for 1 h and pelleted at 14, 000 g for 20 min.
The protein concentration was estimated using the
bicinchoninic acid procedure (Pierce).

Immunoblotting, Immunoprecipitation Assay and
Gelatin Zymograph

Western blot analysis was done using equal amounts of
protein separated by SDS-PAGE, transferred onto nitro-
cellulose membrane (Biorad), incubated with 1:500
dilution of primary antibodies, and subsequently
incubated with 1:1000 dilution of species-specific,
horseradish peroxidase (HRP)-conjugated secondary
antibody according to the standard protocol.
Immunoprecipitation assays were performed by incubat-
ing �400 mg of membrane extracts with the required
specific primary antibody (2 mg) overnight at 48C on a
rotating shaker. Approximately 40 mL of protein A/G
agarose beads (Miltenyi Biotec) were added to the afore-
mentioned complex and incubated in ice for 30 min.
These beads were passed through mM columns, and the
bound immunoprecipitates were eluted according to the
manufacturer’s instructions. The immunoprecipitates
were then immunoblotted using specific primary anti-
bodies. Equal volumes of conditioned medium collected
from the treated cells were subjected to electrophoresis
on 10% acrylamide gels containing 0.5 mg/mL gelatin
to detect MMP-9 activity, as described previously.30
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Conditioned media of D283 cells were processed using
Amicon ultra-4 centrifugal filter units (Millipore) of
30 kDa cut-off size. Approximately 100 mg of protein
were used for gelatin zymography of D283 cells.

p53 Transcription Factor Assay

p53 activation in nuclear extracts of DAOY and D283
cells was monitored using the ELISA-based TransAM
p53 kit (Active Motif) according to the manufacturer’s
protocol. Five mg of total nuclear protein were loaded
onto a 96-well plate coated with an immobilized oligo-
nucleotide containing a p53 consensus binding site.
Nuclear extract of H2O2-treated MCF7 cells (provided
by the manufacturer) served as a positive control.
Anti-p53 and anti-rabbit HRP were used to quantify
the amount of bound p53 protein. The HRP signal was
developed by a substrate provided by the manufacturer,
and samples were analyzed with an ELISA reader at
450 nm with a reference wavelength of 655 nm. The
optical density value for negative control was deducted
from all the test samples, including the positive control.

Reverse-Transcription Polymerase Chain Reaction
(PCR)

Total RNA was isolated from control and treated cells
using TRIZOL reagent (Invitrogen) according to the stan-
dard protocol. With 1 mg of RNA used as a template,
first-strand cDNA was synthesized using Superscript III
reverse transcriptase (Roche Applied Science). PCR
analysis using 100 ng of first-strand cDNA was com-
pleted using specific primers (Table 1). GAPDH was
used as an internal control. The PCR reaction was per-
formed using standard conditions in an AB Applied
Biosystems Thermocycler (model 9700). PCR-amplified
products were electrophoresed on 1.5% agarose gel.

Immunofluorescence

For immunocytochemical analysis, �3000 cells were
seeded onto 2-well chamber slides. Cells were trans-
fected and/or treated with radiation and then incubated
for at least 48–72 h. After the incubation period, cells
were washed, fixed, permeabilized with ice-cold metha-
nol, and blocked for 1 h using 3% bovine serum albumin
in PBS. Cells were incubated with primary antibodies
overnight at 48C, washed with PBS and incubated with

fluorescent-labeled, species-specific secondary anti-
bodies (Alexa Fluor) at 1:500 dilution for 1 h at room
temperature. Before mounting, the slides were washed
with PBS and incubated for 5 min with a 1:100 dilution
of 4′-6-diamidino-2-phenylindole (DAPI) for nuclear
staining and analyzed using confocal microscopy
(Olympus BX61 Fluoview) at 40× magnification. For
immunohistochemical analysis, paraffin-embedded
brain sections (5 mm thick) from control and treated
animal groups were deparaffinized in xylene and rehy-
drated through graded ethanol. Antigen retrieval was
performed by treatment of the sections with 10 mM of
citrate buffer (pH 6) at boiling temperature for 1 h.
Sections were blocked and followed by treatment with
primary and species-specific, Alexa Fluor secondary
antibodies, as described above in the section on
immunocytochemical analysis.

In Vivo Studies

DAOY cells (1 × 105) were injected intracerebrally into
nude mice under isofluorane anesthesia with the aid of a
stereotactic frame, as described earlier.31 After allowing
the tumors to establish for 8–10 days, the animals were
separated into different treatment groups (a minimum of
5 in each group). pM (shRNA for MMP-9) and pSV
(scrambled vector) were delivered into the brains of
nude mice using Alzet osmotic mini pumps (model
2001, Alzet Osmotic Pumps). One week after plasmid
delivery, animals were treated with radiation. On the
basis of their performance and behavior, the animals
were euthanized and sacrificed by intracardiac perfusion
(first with PBS and then with 4% paraformaldehyde in
normal saline). The brains were excised and fixed in
10% buffered formaldehyde, processed, embedded in
paraffin, and sectioned (5 mm thick) using a microtome.
Paraffin-embedded tissue sections were subjected to
hematoxylin and eosin (H&E) staining for visualization
of tumor cells, as described elsewhere.31 Tumor volume
was calculated from the formula 1/6 II (Rmax) × (Rmin)2,
where Rmax and Rmin are the maximum and minimum
tumor radii, respectively.

Statistical Analysis

All the Western blot, reverse-transcription PCR, and
zymography data were quantified by measuring the
band/signal intensity by densitometry analysis using

Table 1. Primer sequences

Gene name Forward primer Reverse primer

Gadd45a 5′ ggaggaagtgctcagcaaag 3′ 5′gcaggatccttccattgaga 3′

b-catenin 5′ ggtggaccccaagctttagt 3′ 5′ agtgggatggtgggtgtaag 3′

MMP-9 5′ catttcgacgatgacgagttgt 3′ 5′ cgggtgtagagtctctcgc 3′

N-cadherin 5′ cctcagtatgtgggaaagctc 3′ 5′ tggatgagtacttgatattgttctttg 3′

E-cadherin 5′ accacgtacaagggtcaggt 3′ 5′ ccgatatgttattttctgttcca 3′

GAPDH 5′ tgttgccatcaatgacccctt3′ 5′ ctccacgacgtactcagcg 3′
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ImageJ software (National Institutes of Health). Results
were analyzed using the one-way analysis of variance
followed either by Bonferroni’s post hoc test (multiple
comparison tests, using GraphPad Prism software,
version 3.02) or t test to assess statistical significance.
The difference for either test was considered statistically
significant with a P value ,.05.

Results

Antiproliferative Role of Gadd45a

IR treatment induces G2-M arrest accompanied by an
increase in Gadd45a expression—FACS analysis of
PI-stained DAOY and D283 cells treated with IR
showed G2-M arrest. Additional analysis of cell cycle
associated molecules such as Cdc2, pCdc2, and
Gadd45a protein showed increased expression after IR
treatment, when compared to the non-IR control cells
(Fig. 1A and B). The immuno flow cytometry analysis
of IR-treated DAOY and D283 cells showed a 17%
and 40% increase in Gadd45a expression, respectively
(Fig. 1B). Furthermore, to determine the role of
Gadd45a associated with IR, FACS analysis was per-
formed in the cells with knockdown (siRNA Gadd45a)
and overexpression of Gadd45a (Ov-exp Gadd45a)
alone or in combination with IR treatment. With IR
treatment, 31% and 42% of DAOY and D283 cells,
respectively, were in the G2-M phase (M4).
Knockdown of Gadd45a (siRNA Gadd45a) with IR
treatment showed 17% of DAOY and 21% of D283
cells in the G2-M phase. In contrast, overexpression of
Gadd45a (Ov-exp Gadd45a) with IR treatment
showed 61% of DAOY and 63% of D283 cells in the
G2-M phase, which indicates increased G2-M arrest
(Fig. 1C and D). A TUNEL assay was performed using
DAOY and D283 cells treated with siRNA Gadd45a
and Ov-exp Gadd45a, alone and in combination with
IR treatment. DAOY cells revealed no apoptosis with
these treatments (Supplementary material, Fig. S1C),
whereas D283 cells showed very little increase in the
apoptotic cells and that further increased with Ov-exp
Gadd45a with IR treatment (Fig. 1E).

Gadd45a inhibits Cdc2 kinase activity with IR treat-
ment—Immunocytochemical and immunoprecipitation
analyses using anti-Gadd45a and anti-Cdc2 antibodies
in DAOY and D283 cell lines demonstrated that
Gadd45a binds to Cdc2 with IR treatment (Fig. 2A
and B and Supplementary material, Fig. S1D). We
observed that overexpression of Gadd45a accompanied
with IR treatment increased its binding to Cdc2. The
co-localization of Gadd45a with Cdc2 after IR treat-
ment was more prominent in the nucleus, compared
with non–IR-treated cells.

Antitumorigenic Role of Gadd45a

Gadd45a regulates cellular b-catenin distribution—In
the aforementioned studies, we demonstrated that

Gadd45a expression increased with IR treatment.
Furthermore, Gadd45a is known to play a role in cellu-
lar distribution of b-catenin. Thus, to determine the role
of Gadd45a associated with IR, b-catenin levels were
analyzed in the nucleus, cell membrane, and cytoplasm
of both DAOY and D283 control cells with overexpres-
sion of Gadd45a, alone or in combination with IR treat-
ment. Compared with the control cells, the IR-treated
DAOY and D283 cells showed 26% and 24% increased
nuclear levels and 26% and 24% decreased membrane
levels of b-catenin, respectively (Fig. 3A–C), whereas
overexpression of Gadd45a with IR treatment versus
IR-treated DAOY and D283 cells showed 41% and
49% increases in membrane localization and 57% and
47% decreases in nuclear localization of b-catenin,
respectively. Furthermore, the role of Gadd45a in distri-
bution of b-catenin associated with membrane N- and
E-cadherins was also determined by immunoprecipita-
tion (IP) studies. On the basis of the IP studies of mem-
brane proteins using anti-b-catenin antibody, we
observed a 39% and 56% increase in binding of
b-catenin to N- and, E-cadherins, respectively, with IR
treatment accompanied with Gadd45a-overexpressed
cells (Fig. 3D and E). The binding of b-catenin to mem-
brane cadherins was negligible in IR-treated cells. IR
treatment alone was associated with a 23% increase in
N-cadherin levels and a 16% increase in fibronectin
levels in both DAOY and D283 cells. Furthermore, IR
treatment with overexpression of Gadd45a was associ-
ated with a decrease in membrane N-cadherin levels by
26% in DAOY and 34% in D283 cells, whereas fibro-
nectin levels were associated with a 23% and 30%
decrease in DAOY and D283 cells, respectively. The
levels of E-cadherin with IR treatment were decreased
to 35% and 30% in DAOY and D283 cells, respectively.
The overexpression of Gadd45a with IR treatment
showed a significant increase in membrane E-cadherin
levels, compared with the normal IR-treated DAOY
and D283 cells (Fig. 3C).

In the aforementioned studies, we demonstrated that
overexpression of Gadd45a inhibits nuclear transloca-
tion of b-catenin. Thus, to determine the role of
Gadd45a in degradation of cytoplasmic b-catenin, we
performed Western blot analysis of cytoplasmic extracts
and showed that, after IR treatment, levels of
p-b-catenin decreased by 13% and 32% in DAOY and
D283 cells, respectively, whereas overexpression of
Gadd45a with IR treatment was associated with a sig-
nificant increase in the levels of p-b-catenin (Fig. 3B).

The results above were confirmed by reverse-
transcription PCR analysis using primers specific for
b-catenin, N-cadherin, and E-cadherin in non–
IR-treated and IR-treated control and Gadd45a overex-
pressed DAOY and D283 cells. Reverse-transcription
PCR results demonstrated that IR treatment with over-
expression of Gadd45a showed a decrease in b-catenin
and N-cadherin mRNA transcript levels by 21% and
13% in DAOY cells and 15% and 39% in D283 cells,
respectively. Furthermore, the overexpression of
Gadd45a with IR treatment was associated with a sig-
nificant increase in membrane E-cadherin levels,
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Fig. 1. Analysis of cell cycle proteins involved in G2-M arrest after ionizing radiation (IR) treatment. (A) Western blot analysis for Cdc-2and pCdc-2

protein using 40 mg of total cell lysates from non–IR- and IR-treated DAOY and D283 cells. Equal loading of these proteins was confirmed by

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). (B) Immuno-flow cytometry analysis of Alexa Fluor-labeled Gadd45a in DAOY and

D283 cells. Approximately 1 × 106 non–IR- and IR-treated cells were trypsinized, washed in phosphate-buffered saline (PBS), incubated with

anti-Gadd45a antibody overnight at 48C, and labeled with green Alexa Fluor 488, a fluorescent-labeled, species-specific secondary antibody

(Invitrogen) for 1 h at room temperature. Normal immunoglobulin (Ig) G was used as a negative control to set the cut-off point for green

fluorescence intensity. (C and D) Fluorescence-activated cell sorting (FACS) analysis of cell cycle progression using knockdown and

overexpression of Gadd45a with IR treatment was done as described in Materials and Methods. The y axis denotes cell count and the x axis

represents DNA content. The percentages of cells in the G1 (M2), S (M3) and G2/M (M4) phases of the cell cycle were calculated using

CellQuest Pro software. Graphical representation of FACS data from 3 independent experiments is shown as the mean+SD (P , .05). (E)

TUNEL nuclear staining on D283 cells. Control cells with knockdown (siRNA Gadd45a) and overexpression of Gadd45a (Ov-exp Gadd45a) in

combination with IR treatment on 8-well chambered slides were subjected to TUNEL nuclear staining (Roche Applied Science) and viewed by

fluorescence microscopy. Green fluorescence represents apoptotic cells (For the color figure, please refer to supplementary material, Fig. S1).
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compared with the normal IR-treated DAOY and D283
cells (Fig. 3G).

Overexpression of Gadd45a causes increased phos-
phorylation of p53—p53, an upstream molecule to
Gadd45a, is known to be stabilized by phosphorylation

at Ser15. Western blot analysis of nuclear extracts
revealed increased levels of p-p53 with IR treatment in
both DAOY and D283 cells. Furthermore, nuclear
levels of p-p53 increased to 27% and 6% in DAOY
and D283 cells, respectively, in Gadd45a-overexpressed
cells with IR treatment (Fig. 3A). In addition, we used

Fig. 2. Co-localization of Gadd45a with Cdc2 and nuclear translocation of b-catenin with ionizing radiation (IR) treatment. (A and B)

Immunocytochemistry analysis was carried out on DAOY (A) and D283 (B) transfected (siRNA GAdd45a and Ov-exp Gadd45a) and

IR-treated cells. Microscopic images depict expression of Gadd45a (green fluorescence) and Cdc2 (red fluorescence) proteins in the cells

with knockdown (siRNA Gadd45a) and overexpression of Gadd45a (Ov-exp Gadd45a) in combination with IR treatment. (C1-C2)

Nuclear translocation of b-catenin (red fluorescence) into the nucleus (blue fluorescence) of DAOY and D283 cells with

Ov-exp-Gadd45a in combination with IR treatment. Immunostaining was done according to the protocol described in Materials and

Methods. Pictures were taken using confocal microscopy (Olympus BX61 Fluoview) at a 40× magnification. (For the color figure, please

refer to supplementary material, Fig. S4)
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Fig. 3. Gadd45a regulates distribution of cellular b-catenin. (A) Western blot analysis of nuclear extracts (NEs) to demonstrate b-catenin,

LEF-1, and p-p53 expression in DAOY and D283 cells. Nuclear extracts were prepared using nuclear extraction kit (Panomics). Forty mg

of total nuclear protein was used for analysis, and Lamin B was used as a nuclear protein marker to confirm equal loads of proteins.

(B) Western blot analysis of cytoplasmic extracts (CEs) to demonstrate the levels of Gadd45a, p-b-catenin (Ser33/37/Thr41) and

intracellular levels of MMP-9. GAPDH was used to confirm equal loading of proteins. (C) Western blot analysis of membrane extracts

(MEs) to demonstrate accumulation of b-catenin on membranes of DAOY and D283 cells. Membrane proteins were isolated using the

Triton X-114 phase separation method. Flotillin-2 was used as a membrane marker to confirm equal loading of proteins.

(D) Immunoprecipitation (IP) using b-catenin antibody to show its interaction with N- and E-cadherins of treated DAOY cells.

Approximately 400 mg of ME protein was immunoprecipitated with 2 mg of b-catenin primary antibody and immunoblotted using

anti-N-cadherin, anti-E-cadherin, and anti-b-catenin antibodies. (E) The protein band intensity of IP studies was measured using

densitometry and quantified data from 3 different experiments are represented graphically (mean+SD, P* , .01). (F) Monitoring p53

activation as assessed by p53 DNA binding using TransAM assay (TransAM, p53 Transcription Factor Assay Kit; Active Motif) as

described in Materials and Methods. The experiment was performed at least twice in duplicate and results are graphically represented as

bar diagrams. Error bars represent mean+SD (P* , .01). (G) Reverse-transcription polymerase chain reaction (RT-PCR) analysis to

determine the b-catenin, N-cadherin, E-cadherin, and matrix metallopeptidase (MMP)–9 transcript levels in DAOY and D283 control,

Ov-exp Gadd45a alone and in combination with IR-treated cells. (H) RT-PCR analysis of DAOY and D283 cells transfected with MMP-9

plasmid (pM) and irradiated after 48 h of transfection. PCR analysis was performed using primers specific for Gadd45a, MMP-9, and

GAPDH. Total RNA was extracted from treated cells, and cDNA was prepared according to the standard protocols.
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the TransAM p53 kit to determine the levels of activated
p53 in nuclear extracts of DAOY and D283 cells. On the
basis of the TransAM p53 kit results, we observed that,
with IR treatment, p53 protein binds to an immobilized
oligonucleotide probe containing the p53 consensus
sequence, and its binding efficiency to this probe
increased with overexpression of Gadd45a with IR treat-
ment (Fig. 3F). These results demonstrate a positive feed-
back loop between Gadd45a and p53 activation.

Overexpression of Gadd45a retards IR-induced
MMP-9, cancer cell invasion, and migration by sensi-
tizing the cells to IR—b-Catenin level in the nucleus is
known to be proportional to the expression of cell pro-
liferation and invasion proteins. We have observed that
overexpression of Gadd45a affects expression of
MMP-9, which is a molecule involved in invasion.
Intracellular levels of MMP-9 were analyzed by
Western blot in both DAOY and D283 cell lines, and
our studies demonstrated that, with radiation treatment,
MMP-9 levels increased, whereas the overexpression of
Gadd45a and radiation treatment resulted in a decrease
in MMP-9 levels (Fig. 3B). These results were further
confirmed by reverse-transcription PCR analysis in
which a decrease in expression levels of MMP-9
mRNA was observed in Gadd45a-overexpressed and
IR-treated cells when compared to IR-treated cells
(Fig. 3G). Reverse-transcription PCR analysis also
revealed that cells with knockdown of MMP-9 showed
increased Gadd45a mRNA levels (Fig. 3H).

Immunocytochemical analysis revealed enhanced
nuclear translocation of b-catenin in DAOY and D283
cells with IR treatment, compared with control cells,
whereas overexpression of Gadd45a with IR treatment
in both cell lines demonstrated a clear inhibition of
nuclear translocation of b-catenin (Fig. 2C1–C2).

Results of the Matrigel invasion assay and gelatin
zymography demonstrated the potential role of
Gadd45a in inhibition of IR-induced cell invasion of
the cancer cell lines DAOY and D283 (Fig. 4A, B and
D). In vitro cancer cell invasion assay using
Matrigel-coated transwell inserts showed that the
number of cells that invaded through Matrigel increased
with IR treatment. Overexpression of Gadd45a in com-
bination with IR treatment demonstrated a marked
decrease in the invasive potential, whereas knockdown
of Gadd45a in combination with IR treatment was
associated with an increase in the invasive potential of
DAOY and D283 cells. The extracellular levels of
MMP-9 protein in these cells were analyzed using
gelatin zymography (Fig. 4D). Zymography results
demonstrated that with IR treatment, MMP-9
expression levels increased by 30% and 58% in DAOY
and D283 cells, respectively, whereas overexpression
of Gadd45a with IR treatment was associated with a
60% and 80% decrease in MMP-9 levels of DAOY
and D283 cells, respectively. Furthermore, knockdown
of Gadd45a using specific siRNA in combination with
IR treatment was associated with upregulation of
MMP-9 expression by 30% and 45% in DAOY and
D283 cells, respectively, compared with IR-treated cells.

The wound healing assay was used to determine the
migration potential of DAOY cells. In our studies, we
demonstrated that the migration capacity of cancer cells
during the wound healing process increased with IR treat-
ment (Fig. 4C). Furthermore, overexpression of Gadd45a
with IR treatment demonstrated a prominent decrease
(63%) in the migration rate of DAOY cells. In contrast,
knockdown of Gadd45a and IR treatment resulted in a
40% increase in the wound healing capacity of cells, com-
pared with IR-treated control cells. Knockdown of
Gadd45a further increased the IR-induced migration
rate and resulted in a faster wound closing. Because
D283 cells are semi-adherent, the wound healing assay
was not appropriate for this cell line.

Furthermore, the clonogenic assay was performed on
DAOY (Fig. 4E) and D283 (Supplementary material,
Fig. S2) cells with knockdown and overexpression of
Gadd45a alone and in combination with IR treatment.
Compared with the control DAOY cells, the IR-treated
cells revealed a 30% decrease in the colony-forming effi-
ciency, which was further decreased by 70% in cells with
Ov-exp Gadd45a with IR treatment. We also observed
that the number of clonogenic cells was increased after
siRNA treatment targeting Gadd45a.

Gadd45a induces expression of E-cadherin—Western
blot analysis demonstrated that the knockdown of
MMP-9 (pM) with IR treatment causes an increase in
the expression levels of E-cadherin by 25% in DAOY
and by 21% in D283 cells, compared with IR-treated
cells. The levels of N-cadherin decreased by 50% and
30% and fibronectin decreased by 19% and 23% in
DAOY and D283 cells, respectively. Furthermore,
Western blot analysis demonstrated that the treatment
of cells with pM in combination with IR treatment
increased the expression levels of Gadd45a in the
DAOY and D283 cells by 55% and 40%, respectively.
The simultaneous treatment of these cell lines with pM
and siRNA for Gadd45a was associated with a decrease
in E-cadherin and increases in N-cadherin and fibronec-
tin levels. The N-cadherin levels were increased by 29%
and E-cadherin levels were decreased by 31% in DAOY
and D283 cells, respectively, compared with the pM
with IR-treated cells (Fig. 5A).

Alternatively, overexpression of Gadd45a (Ov-exp
Gadd45a) in these cell lines caused the downregulation
of MMP-9, as observed by gelatin zymography
(Fig. 5B). Furthermore, addition of recombinant MMP-
9 (100 ng) to the cells overexpressing Gadd45a with IR
treatment showed decrease in the E-cadherin levels by
42% and 40%, an increase in the N-cadherin levels by
14% and 20%, and an increase in fibronectin levels by
19% and 30% in DAOY and D283 cells, respectively.

Suppression of MMP-9 with IR treatment retards
medulloblastoma tumor development—Tumors
were raised in the cerebellum region of nude mice
and confirmed by H&E staining (Fig. 6A).
Immunohistochemical studies were performed to demon-
strate MMP-9 (red) and Gadd45a (green) expression in
control, IR-, pM-, and pM- plus IR-treated tumors
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(Fig. 6B). The results demonstrated that, in the control
cells, MMP-9 expression was localized into a particular
tumor region, compared with IR-treated tumors, whereas
expression of MMP-9 was seen over the entire tumor
region. Gadd45a expression in control cells was lower
than in IR-treated tumors. With IR treatment, nuclear
localization of Gadd45a was observed in tumors. The
expression of Gadd45a in IR-treated tumors was found
to be more in the regions where MMP-9 expression levels
were negligible. Tumors treated with pM alone demon-
strated an increase in Gadd45a expression, but tumor inva-
sion was not completely halted. Furthermore, pM + IR

treatment showed significant increase in Gadd45a
expression and showed reduced tumor volume (Fig. 6D).
Furthermore, the tumors treated with pM alone and in
combination with radiation were associated with low
levels of N-cadherin (green) and high levels of E-cadherin
(red) proteins (Fig. 6C).

Discussion

Genomic instability plays a key role in tumor pathogen-
esis and progression.34 Regulation of genomic integrity

Fig. 4. Gadd45a-mediated decrease in the invasive, migratory, and proliferative potential of medulloblastoma cell lines. Approximately 1 ×
105 DAOY (A) and 2 × 106 D283 (B) cells treated with ionizing radiation (IR), knockdown (siRNA Gadd45a) or overexpression of Gadd45a

(Ov-exp Gadd45a) were suspended in serum-free media and plated onto Matrigel-coated transwell inserts, as described in Materials and

Methods. After a 24-hr incubation period, lower invaded cells were stained with HEMA-3. Images of invaded cells were taken under a

light microscope (Olympus IX-71). The invasive potential of treated cells was quantified, and the percentage of cells invading from 3

independent experiments are graphically represented as bar diagrams. Error bars represent mean+SD (*P , .05). (C) Wound healing

assay, which is indicative of migration potential of cancer cells, was performed using 80%–85% confluent-treated DAOY cells, as

described in Materials and Methods. Photographs were taken using standard 200-mm scale bar. Percent wound repair was calculated

from the mean of the average width of the wound obtained from 3 independent experiments and graphically represented as bar

diagrams. Error bars represent mean+SD (P* , .05). (D) Gelatin zymography was performed to determine matrix metallopeptidase

(MMP)–9 activity in the conditioned media of the aforementioned treated cells. The intensity of clear halo band of MMP-9 in

zymography gels was measured using densitometry and graphically represented, and the error bars represent mean+SD (P , .05, with

IR; P , .01 with control). (E) Clonogenic assay for DAOY cells. The control cells treated with siRNA-Gadd45a, Ov-exp Gadd45a, and in

combination with IR treatment were trypsinized to produce single-cell suspension. Approximately 500 cells from each treatment were

plated individually in 60-mm plates containing complete media. The plates were incubated for 12 days until they formed sufficiently

large colonies. Next, the cells were fixed and stained using HEMA-3 stain. The number of colonies were quantified from 3 independent

experiments and are graphically represented as the measure of clonogenecity. Error bars represent mean+SD (P* , .05).
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is very crucial for cells and is maintained by regulating
cellular processes, such as DNA repair, cell cycle check-
points, and apoptosis. Deregulation of one or more
of these processes may contribute to tumorigenesis. The
tumor-suppressor molecule p53 and its downstream
molecules have been demonstrated to participate in
these biological events.14,35 As the first well-defined p53
downstream gene, Gadd45a has been implicated in the
maintenance of genomic fidelity,9 probably via its roles
in the control of cell cycle at the G2-M checkpoint, induc-
tion of cell death, and DNA repair induced by genotoxic
stress, including IR and UV radiation. Furthermore,
Santucci et al.36 correlated the radiation-induced
Gadd45a expression in patients who have cervical carci-
noma with their clinical response to radiotherapy and
suggested that induction of Gadd45 proteins may be
useful for predicting radioresponse in patients with cancer.

In the present study, we show the induction of
Gadd45a protein in medulloblastoma cell lines with IR
treatment. We also demonstrate that Gadd45a sensitizes
medulloblastoma cells to radiation and has a negative
role as a regulator of cancer cell proliferation, invasion,

and metastatic potential. Previous studies reported that
Gadd45a, an 18.4-kDa protein, can oligomerize into
dimeric, trimeric, and tetrameric forms and can also
interact with different cell cycle and DNA repair pro-
teins.37 In our studies, Western blot analysis using
Gadd45a monoclonal antibody consistently showed
reactivity with a protein band of molecular size
�50 kDa (as shown in Western blots). Therefore, we
performed alternative immunoflow cytometry analysis
to confirm the induction of Gadd45a protein with IR
treatment. Furthermore, our results showed that both
DAOY and D283 cell lines undergo increased G2-M
arrest after radiation treatment in a IR dose-dependent
manner (2–10 Gy; data not shown). Mechanisms that
control the G2-M checkpoint currently remain poorly
understood; however, many of the G2-M regulators
appear to ultimately target Cdc2, a protein kinase
required for mitotic entry in mammalian cells.38

According to Zhan et al.,17 Gadd45a induced by UV
radiation is shown to interact with Cdc2 as shown by
immunoprecipitation studies, and the addition of
Gadd45a to immunoprecipitated Cdc2/cyclin B1

Fig. 5. Role of Gadd45a in suppression of matrix metallopeptidase (MMP)–9 and epithelial-mesenchymal transition (EMT). The DAOY and

D283 cells were treated with pM, with pM + siRNA Gadd45a alone, and with IR treatment (A) and were separately treated with Ov-exp

Gadd45a, Ov-exp Gadd45a + rMMP-9 alone and in combination with IR treatment (B). The control cells were treated with scrambled

vector (pSV) alone and with IR treatment. Western analysis was done using 40 mg of total lysates from the treated cells to show the

levels of Gadd45a, b-catenin, E-cadherin, N-cadherin, and fibronectin. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used

as loading control. Gelatin zymography was performed to determine MMP-9 activity using conditioned media from treated samples. (C)

Diagramatic representation showing the role of Gadd45a in the negative regulation of MMP-9 induction with IR treatment; the

overexpression of Gadd45a accompanied by IR inhibits MMP-9 induction and nuclear translocation of b-catenin. Compared to the

control cells and IR treated cells, the downregulation of MMP-9 (pM) or upregulation of Gadd45a (Ov-exp Gadd45a) accompanied by

IR shifts the balance towards Gadd45a and thus has significant therapeutic implications.
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Fig. 6. Downregulation of MMP-9 (pM) in in vivo tumors increased radioresponse by inducing Gadd45a expression and suppression of

epithelial-mesenchymal transition (EMT). Intracerebral tumors were established in nude mice by injecting 1 × 105 DAOY cells. A group

of 5 animals was used for each treatment condition (control, IR, pM, and pM + IR). Alzet osmotic pumps (model 2001; Alzet Osmotic

Pumps) were implanted into the animals for pM delivery (6–8 mg/kg body weight) followed by IR treatment after 1 week. (A) Brain

tissue sections were subjected to hematoxylin and eoisin staining. (B) Immunohistochemical comparison of treated tumor sections using

green Alexa Fluor 488 and red Alexa Fluor 594 secondary antibodies for Gadd45a and matrix metallopeptidase (MMP)–9, respectively.

(C) Immunohistochemical analysis of the tumor sections to show the levels of EMT markers, N-cadherin (green) and E-cadherin (red).

The merged figures are represented here and the individual stained figures are shown in the Supplementary material, Fig. S2.

(D) Semiquantification of tumor volume in control, IR, pM, and pM + IR vector-treated groups was done as described in Materials and

Methods. Data shown are the mean+SD values from 3 animals from each group (*P , .005).
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complex led to dissociation of this complex, indicating a
possible interaction of Gadd45a and Cdc2.
Furthermore, mutation of a unique region on Gadd45
containing DEDDDR residues was shown to inhibit
Cdc2 binding and Gadd45a-induced G2-M arrest.39

With use of immunocytochemistry and immunoprecipi-
tation analysis, we show—to our knowledge, for the first
time—in medulloblastoma cells that Gadd45a protein,
induced by IR, physically interacts with Cdc2. We
observed that overexpression of Gadd45a along with
IR treatment increases the levels of Cdc2.
Overexpression of Gadd45a with IR treatment resulted
in prominent Gadd45a-Cdc2 co-localization in the
nucleus. The presence of Gadd45a and Cdc2 in the
nucleus is closely associated with its role in cell-cycle
G2-M arrest.40 Furthermore, with use of the MTT
assay (Supplementary material, Fig. S1A and B), we
demonstrate that Gadd45a suppresses the growth of
medulloblastoma cells by the induction of G2-M
arrest, indicating the anti-proliferative role of
Gadd45a. However, our data indicated that overexpres-
sion of Gadd45a led only to cell-cycle arrest at the G2-M
phase but was not sufficient to cause apoptosis in DAOY
cells (Supplementary material, Fig. S1C). D283 cells
showed scant apoptosis with Ov-exp Gadd45a in
combination with a sublethal dose of IR (8 Gy). The
number of apoptotic cells was negligible when compared
with the total number of cells, as observed in TUNEL
assay (Fig. 1E).

Expression of Gadd45a is shown to be both depen-
dent41 and independent of p53. Its p53 independence
is known to be induced by BRCA1.42 In the absence of
the wild-type p53 gene, GADD45 promoter is strongly
activated after expression of the wild-type breast
cancer susceptibility gene, BRCA1.43 After DNA
damage, mediated by IR, p53 protein is known to stabil-
ize transiently and accumulate in the nucleus, where it
functions as a transcription factor and upregulates mul-
tiple downstream-targeted genes, including p21,
Gadd45a, and Bax.14,44,45 However, regulation of p53
stabilization is complex and involves post-translational
modification of p53, such as phosphorylation at the
Ser-15 position. Jin et al.,46 demonstrated that
Gadd45a, a conventional downstream gene of p53,
may play a role as an upstream effector in p53 stabiliz-
ation after DNA damage. In the present study, we
showed that an increase in nuclear levels of p-p53 is
associated with overexpression of Gadd45a, which is
further enhanced with IR treatment. This indicates that
p53 and Gadd45a may be connected via a positive feed-
back mechanism, activating each other and mediating
cell cycle arrest. Therefore, our studies indicate that
stabilization of p53 is required in medulloblastoma
cells for Gadd45a activity and vice versa.

Gadd45 proteins represent a novel class of targets for
therapeutic interventions in cancers, because Gadd45a
has been suggested to have important roles in tumorigen-
esis and tumor progression.47 Tront et al.8 showed by
using a novel mouse model that loss of Gadd45a signifi-
cantly accelerates the onset of breast tumorigenesis.
A later study demonstrated the role of UV radiation–

induced Gadd45a in tumor progression.22 This study
demonstrates that Gadd45a negatively regulates
expression of cell migration and invasion mediated by
MMPs and further by the suppression of the b-catenin
signaling via stress-activated p38 MAPK. Ji et al.24

demonstrated that Gadd45a is involved in control of
cell-cell contact inhibition and cell-cell adhesion. Their
study demonstrated that the Gadd45a protein can
serve as an adapter to enhance interaction between
b-catenin and caveolin-1 and, in turn, induce b-catenin
translocation to the cell membrane for maintenance of
cell-cell adhesion/contact inhibition. Cadherins are
also implicated in this process and are known to be
located at intercellular adhesion junctions.49

To understand the role of Gadd45a in cell invasion
and tumorigenesis, we overexpressed Gadd45a protein
in medulloblastoma cell lines and have shown that over-
expression of Gadd45a with IR treatment causes an
increase in membrane localization and a decrease in
nuclear localization of b-catenin. Overexpression of
Gadd45a seems to mediate increased distribution of
b-catenin on the cell membrane and decreased nuclear
translocation after IR treatment, whereas control cells,
after IR treatment, demonstrate decreased membrane
levels of b-catenin and increased nuclear levels of
b-catenin. Binding of b-catenin to membrane adhesion
glycoproteins such as cadherins indicates that overex-
pression of Gadd45a mediates cell adhesion dynamics.
b-catenin in the nucleus is known to act as a transcrip-
tion factor for cell proliferation molecules, such as
cyclin D1, c-Myc and cell invasion molecules like
MMPs.23,50,51 Our results from Matrigel, wound
healing, and zymography assays confirm that Gadd45a
induction with IR treatment may play an important
role in the negative regulation of cell invasion and
migration-associated molecules, such as MMP-9 and
b-catenin,52 in DAOY and D283 cells.

Membrane levels of b-catenin play an important role
in maintaining cell contact inhibition and cell-cell
adhesion, linking cadherins to the actin cytoskeleton.25

Loss of cadherin/b-catenin complex function leads to
disruption of cell contact inhibition and cell-cell
adhesion, which is known to be important for malig-
nancy.26,27 Loss of epithelial E-cadherin and gain of
mesenchymal N-cadherin and fibronectin expression
are major hallmarks of epithelial-mesenchymal tran-
sition (EMT), which we show to be induced in medullo-
blastoma cell lines after IR treatment. We also show that
overexpression of Gadd45a in these cell lines retards
IR-induced EMT by increasing the expression of
E-cadherins and regulating distribution of membrane
b-catenin bound to cadherins.

The role of MMP-9 at mediating EMT in cancers is
already known.52 Our studies show that Gadd45a may
play an important role in the negative regulation of
IR-induced MMP-9 and that MMP-9 mediates EMT.
This was confirmed by overexpression of Gadd45a,
which resulted in downregulation of MMP-9 and sup-
pression of EMT in medulloblastoma cells, as demon-
strated by Western blot analysis. Alternatively, the
inhibition of MMP-9 (pM) resulted in upregulation of
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Gadd45a and suppresseion of EMT as demonstrated by
Western blot analysis and in vivo tumors. Thus, we con-
clude from our studies that the overexpression of
Gadd45a accompanied by IR inhibits MMP-9 induction
and retards the nuclear translocation of b-catenin
(Fig. 5C).

Most recently, Bru et al.53 demonstrated the position-
dependent expression of Gadd45a in rat brain tumors
and showed that Gadd45a was expressed at much
lower levels in the peripheral zone (invasive front)
versus the center tumor core. Our in vivo studies demon-
strated that, compared with control tumors, the
IR-treated tumors demonstrated increased levels of
MMP-9, with a corresponding increase in Gadd45a
levels, which was localized in MMP-9–poor regions.
The control tumor region with high MMP-9 levels had
very low or negligible levels of Gadd45a. In
pM-treated tumors, a significant increase in Gadd45a
protein levels was observed that was further enhanced
with IR treatment, suggesting the existence of a negative
feedback loop between Gadd45a and MMP-9. Nuclear
translocation of Gadd45a was observed with IR treat-
ment and was further enhanced with pM + IR treat-
ment, indicating its role in G2-M arrest. Because our
in vitro studies showed that overexpression of
Gadd45a downregulated MMP-9 and alternatively
downregulation of MMP-9 (pM) resulted in upregula-
tion of Gadd45a, we therefore used pM treatment for
the in vivo studies as it is therapeutically feasible.
Taken together, our results demonstrate that Gadd45a
expression suppresses invasion, migration, and meta-
static potential of medulloblastoma cells. Furthermore,

this suppression is mediated by downregulation of
MMP-9 and the stabilization of the b-catenin/
E-cadherin complex. In conclusion, our study
demonstrated that the downregulation of MMP-9 or
upregulation of Gadd45a accompanied by IR has signifi-
cant therapeutic implications.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology (http://neuro-oncology.oxfordjournals.org/).
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