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Faithful replication and DNA repair are vital for main-
tenance of genome integrity. RAD51 is a central
protein in homologous recombination repair and
during replication, when it protects and restarts stalled
replication forks. Aberrant RAD51 expression occurs
in glioma, and high expression has been shown to corre-
late with prolonged survival. Furthermore, genes
involved in DNA damage response (DDR) are mutated
or deleted in human glioblastomas, corroborating the
importance of proper DNA repair to suppress glioma-
genesis. We have analyzed DDR and genomic instability
in PDGF-B–induced gliomas and investigated the role of
RAD51 in glioma development. We show that PDGF-
B–induced gliomas display genomic instability and
that co-expression of RAD51 can suppress PDGF-B–
induced tumorigenesis and prolong survival.
Expression of RAD51 inhibited proliferation and
genomic instability of tumor cells independent of Arf
status. Our results demonstrate that the RAD51
pathway can prevent glioma initiation and maintain
genome integrity of induced tumors, suggesting

reactivation of the RAD51 pathway as a potential thera-
peutic avenue.
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C
ancer is caused by accumulated genetic changes.
Failure to protect cells from these may lead to
genomic instability, a common feature of nearly

all solid tumors.1 Faithful replication is essential to
maintain genome integrity. Replication forks frequently
encounter obstacles, and a stalled replication fork, if left
unresolved, can collapse and may lead to a double-
strand break (DSB).2 The major error-free pathway of
DSB repair is homologous recombination (HR), in
which an identical sister chromatid is used as template
during repair. The HR pathway is also involved in repli-
cation, repairing errors at replication forks.2,3 Proteins
involved in HR are essential for cell survival, because
most HR genes cause embryonic lethality when deleted
in mice.4–6 Moreover, hereditary mutations in HR
genes (eg, BRCA1 and BRCA2) strongly predispose to
cancer.7–9 Therefore, functional HR pathways are
important for maintenance of genome integrity and pre-
vention of tumor development.

RAD51 is central for HR and necessary for homology
search and strand exchange at sites of DSBs. RAD51
nucleoprotein filaments form around single-stranded
DNA (ssDNA) at sites of DSBs and will catalyze a
DNA strand exchange reaction between the ssDNA
and the homologous double-stranded DNA of the
sister chromatid.10,11 In addition, it was recently
shown that RAD51 and g-H2AX could participate in
restarting stalled replication forks.12,13 Thus, RAD51
is important for both preventing and repairing DSBs.
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Elevated levels of RAD51 are common in a wide
variety of tumors.14 Large-scale genomic analyses of
glioma, breast, and colorectal cancers did not identify
any mutations in RAD51, implying it to be a rare
event in human cancer.15–17 In glioma most reports
support a suppressive role of RAD51. In an
array-CGH screen of 42 human gliomas, a minimal del-
etion comprising RAD51, TP53BP, and FANCG was
detected in a subset of the tumors.18 Expression of
RAD51 mRNA was determined in 40 astrocytomas of
grade II–IV and was found not to differ significantly
from normal brain samples.19 However, a study includ-
ing 68 patients with glioblastoma showed that elevated
RAD51 protein expression at initial diagnosis, as well
as at recurrence, correlated with significantly increased
survival duration.20 Several in vitro studies have shown
that overexpression of RAD51 can decrease prolifer-
ation and delay cell-cycle progression of human tumor
cells,21,22 further corroborating RAD51 as a tumor sup-
pressor. Collectively, these findings argue for a suppres-
sive role of RAD51 in glioma development.

Gliomas are primary central nervous system (CNS)
tumors with poor prognosis. They frequently exhibit
alterations of the PDGF signaling pathway, with
PDGFRA amplifications being the most common.17,23

With use of mouse glioma models, genes involved in
HR (Rad51b and Fancc) were tagged in PDGF-B/
MMLV–induced gliomas,24 PDGF-B–infected glial
progenitor cells from p27Kip1-deficient mice showed
genomic instability and impaired RAD51 focus for-
mation,25 and targeted deletions of ATM or Chk2 accel-
erated PDGF-induced glioma development in Ntv-a
mice,26 suggesting involvement of HR and RAD51 in
PDGF-driven gliomagenesis.

To investigate the effect of RAD51 on genomic
stability and gliomagenesis in vivo, we used the
PDGF-B–induced RCAS/TV-A mouse model of
glioma development.27,28 We demonstrate that overex-
pression of PDGF-B in glial stem/progenitor cells
caused genomic instability in vitro and in vivo. To
modulate DNA repair, RAD51 was transduced together
with PDGF-B in neonatal Ntv-a wild-type (wt) and
Arf2/2 mice.29 Arf encodes p19Arf (p14ARF in human),
a positive regulator of p53. Silencing of p14ARF by
hypermethylation is common in grade II oligodendro-
gliomas,30 and because these tumors progress, the
INK4a/ARF locus is frequently homozygously
deleted.31 We show that high expression of RAD51
could significantly decrease the incidence of PDGF-B–
induced glioma, prolong survival, and inhibit aneu-
ploidy of PDGF-driven glioma cells.

Material and Methods

DNA Constructs

The RCAS-RAD51 construct was created by inserting
the human RAD51 coding sequences (1062 bp) into
pBS (Bluescript) to add correct restriction sites for sub-
sequent ligation into the retroviral RCAS-Y vector.

The pBS-RAD51 constructs were digested with NotI/
ClaI, creating a fragment of �1.1 kb, which was
cloned into the RCAS-Y vector. RCAS-RAD51 carries
the wt coding sequence of human RAD51. The
RCAS-PDGF-B-eGFP (called RCAS-PDGF-B in the
article) construct has been described elsewhere.27

RNA Extraction and Detection of RCAS-mediated
Gene Expression

Total RNA was extracted using TRIzol reagent
(Invitrogen). Complementary DNA (cDNA) was made
through reverse transcription of 0.5–1 mg of total RNA
using random primers (S12545; New England Biolabs)
and M-MuLV reverse transcriptase (New England
Biolabs). One hundred ng of cDNA was used for poly-
merase chain reaction (PCR) detection of PDGF-B of
human origin from the RCAS virus using the PuReTaq
Ready-To-Go PCR Beads (GE Healthcare). RNA from
the U-343MGa glioma cell line was used as positive
control, and RNA from primary uninfected Ntv-a wt
cells was used as negative control. Primers used specific
for human PDGF-B were forward primer
(5′-TGCTGCTACCTGCGTCTGGTC) and reverse
primer (5′-TTCTTCCACGACCCAAGCTCT) yielding
a 208-bp fragment. PCR setup was 958C for 5 min, fol-
lowed by 35 cycles of 958C for 30 s, 558C for 30 s, and
728C for 1 min, ending at 728C for 10 min. PCR products
were visualized on an agarose gel, and pictures were
taken using the Gel Foto System 1000 (Techtum Lab).

Cell Cultures, Transfection of DF-1 Cells, and Isolation
and Infection of Primary Brain Cells

To produce RCAS retroviruses, DF-1 chicken fibroblasts
were transfected with the various RCAS constructs using
FuGene6 (Roche Diagnostics). The transient transfec-
tion caused production of RCAS retroviruses and a sub-
sequent viral infection of the cells. The transfected cells
were cultured for at least 2 weeks before they were
used in in vitro or in vivo experiments to allow for effi-
cient viral spread throughout the culture.

Primary brain cell cultures were prepared from neo-
natal mouse brains of Ntv-a wt and Ntv-a Arf2/2 geno-
type. The whole brain was aseptically dissected out, and
the cerebellum was removed. The cerebrum was
mechanically dissociated, by using 18- and 22-gauge
needles, in DMEM supplemented with 10% fetal
bovine serum, 4 mM of L-glutamine, and 1% penicil-
lin/streptomycin. The cells were collected by centrifu-
gation and re-suspended in N2 media (DMEM/F12
supplemented with 2.5 mM of L-glutamine, 1% penicil-
lin/streptomycin, 8.6 mM of glucose, 1.5 mg/mL
NaHCO3, 3.7 mg/mL HEPES, 0.1 mg/mL transferrin,
25 mg/mL insulin, 100 mg/mL putrescine, 30 nM of
Na-selenite, and 20 nM progesterone; pH was adjusted
to 7.2). The cells were plated on tissue culture dishes
coated with 10 mg/mL polyornithine hydrobromide
and 1 mg/mL fibronectin. The media were changed
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every second day, and 10 ng/mL FGF2 was added to the
cells every day to select for neural progenitor cells.

Primary cells were infected with supernatants from
DF-1 cells producing RCAS-PDGF-B, RCAS-RAD51,
or empty RCAS (RCAS-X). Conditioned media from
the respective retrovirus-producing cells were collected
after 24 h, sterile filtered through 0.45-mM filters, and
added to the primary Ntv-a cell cultures together with
10 ng/mL FGF2. This was repeated every day for 7
days. After RCAS-X + RCAS-PDGF-B infection,
immortalized Ntv-a wt cells were cultured in DMEM
with addition of 12% fetal bovine serum, 4 mM of
L-glutamine, and 1% penicillin/streptomycin for .20
passages before a second round of infection was done.

Tumor cells isolated from Ntv-a wt and Arf2/2 mice
infected with RCAS-PDGF-B were cultured in DMEM
with addition of 10% fetal bovine serum, 4 mM of
L-glutamine, and 1% penicillin/streptomycin. BrdU
incorporation was done by adding BrdU at a final con-
centration of 10 mg/mL and incubating the product for
16 h.

Proliferation Assay

Primary Ntv-a Arf2/2 cells (passage 3) were infected for
14 days with different viral supernatants before seeding
2.5 × 104 cells/35-mm dish (duplicates) for prolifer-
ation assay. The number of cells per dish was determined
at day 5 after plating using a Coulter counter (Coulter
Electronics).

Immunocytochemical Analyses

Cells were plated on coverslips and fixed in 4% parafor-
maldehyde for 15 min or in ice-cold methanol-acetone
(ratio, 1:1) for PCNA stainings. Cells subjected to
BrdU staining were treated with 2M of HCl for 30 min
before staining to allow for denaturation of DNA.
After washing in PBS, cells were treated with 0.5%
TritonX-100 in PBS and blocked for 1 h in PBS, 2%
BSA. Incubation was done at room temperature with
primary antibody, polyclonal anti-RAD51 (H-92;
Santa Cruz Biotechnology), monoclonal anti-PCNA
(Cell Signaling Technology), monoclonal anti-Ki67
(DAKO), or monoclonal anti-BrdU (Abcam) for 1 h.
Coverslips were washed in PBS and incubated with the
secondary antibody, goat polyclonal anti-rabbit fluor-
escein isothiocyanate (FITC; Abcam), anti-rat Alexa
555, anti-rabbit Alexa 555, anti-rabbit Alexa 488, and
anti-mouse Alexa 488 (Invitrogen) in the dark for 1 h
at room temperature; washed in PBS; and mounted in
Vectashield with DAPI (Vector Labs) or ImmuMount
(Shandon) mounting media with DAPI.

Coronary sections of formalin-fixed, paraffin-
embedded mouse brains were deparaffinized by standard
protocol using xylene. Heat-induced epitope retrieval in
citrate buffer (pH 6.0) was used for all antibodies.
Sections were blocked for 1 h in PBS 0.05% Tween
(PBS-T) and 5% nonfat dry milk and incubated with
primary antibody, polyclonal rabbit anti-RAD51

(H-92, Santa Cruz Biotechnology), monoclonal mouse
anti-PCNA (Cell Signaling Technology), rabbit
anti-phospho-histone H2A.X (Ser139; Cell Signaling
Technology), and monoclonal rabbit anti-Ki67
(DAKO) at 48C overnight. Sections were washed in
PBS-T; incubated with secondary antibody, goat poly-
clonal anti-rabbit FITC (Abcam), and anti-mouse
Rhodamine (Abcam) in the dark for 1 h at room temp-
erature; washed in PBS-T; and mounted in Vectashield
with DAPI (Vector Labs).

Infection of Ntv-a Transgenic Mice and Tumor
Surveillance

DF-1 cells producing RCAS-PDGF-B, RCAS-RAD51,
or RCAS-X were injected alone or in combination into
the right cerebral hemisphere of neonatal Ntv-a wt and
Arf2/2 mice.32 Infected mice were monitored every
second day and euthanized when they showed signs of
illness or at 12 weeks of age. Experiments were per-
formed in accordance with the rules and regulations of
the local animal ethics committee (C18/6 and C158/8
to LU).

Histopathology and Immunohistochemical Analyses

Mouse brains were fixed in formalin and cut into 5 cor-
onary pieces, dehydrated according to standard proto-
col, embedded in paraffin, coronary sectioned, and
analyzed for the presence of tumors by hematoxylin
and eosin staining. Immunostainings were performed
using the Ventana Discovery Automated Stainer
(Ventana Medical Systems). Deparaffinization was
done in the machine. Heat-induced epitope retrieval in
Tris Borate EDTA buffer (pH 8.0) was used for all anti-
bodies. A streptavidin-horseradish peroxidase–based
DAB kit provided by Ventana was used for detection,
and slides were counterstained with hematoxylin. The
antibodies used were rabbit anti-human PDGF-B (Lab
Vision), rabbit polyclonal anti-Rad51 (H-92, Santa
Cruz Biotechnology), rabbit polyclonal anti-PDGFRa

(Cell Signaling Technology), rabbit monoclonal
anti-PDGFRb (Cell Signaling Technology), mouse
monoclonal anti-PCNA (Cell Signaling Technology),
and rabbit monoclonal anti-Ki67 (DAKO).

Flow Cytometry

The cells were prepared as described by Castro et al.33

and analyzed using a LSR II flow cytometer (Becton
Dickinson). The data were analyzed using ModFit LT
3.2 (Verity Software House).

Feulgen Staining

Measurement of DNA content in the tumors was done
using Feulgen photocytometry.34 Optical density of at
least 100 nuclei per tumor was measured, and a DNA
index was calculated and displayed as a histogram.11

Normal tissue and diploid tumors display a major
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peak at 2.0 c, and near-diploid tumors have a major
peak ≤2.5c.35 Aneuploid tumors display a broader dis-
tribution of peaks spanning 2.5–6 c. The modal value
represents the highest peak in each tumor and is pre-
sented as the DNA content for that tumor. A tumor-free
area in the corresponding tissue section was for each
tumor used as a reference for normal DNA content
and set to 2.0 c.

Image Acquisition

Pictures of immunohistochemical stains were acquired
using a Leica DFC320 with FireCam 1.3 at 2088 ×
2558 pixels and 16 bpp. Immunofluorescence pictures
for Figs 1 and 3 were taken using an AxioCamHR at

1300 × 1030 pixels, pixel dimensions of 100 × 100 ×
1000 nm, and 8 bpp. Pictures for Fig. 4 were taken
using a Zeiss 510 Meta Confocal microscope at
2048 × 2048 pixels, pixel dimension of 150 × 150 ×
1200 nm (C, E) or 160 × 160 × 1200 nm (B, D), and
8 bpp. All images were processed using Adobe
Photoshop.

Statistical Analyses of Tumor Numbers

Statistical analyses were performed with the GraphPad
Software Prism, version 4.0a, using Fischer’s exact test
for the comparison of incidence rates and DNA
content, x2 test for comparisons of malignancy,

Fig. 1. Autocrine PDGF stimulation and expression of DNA damage response proteins in PDGF-B–induced mouse gliomas. (A) Glioma

incidence and malignancy grade in PDGF-B–induced gliomas from Ntv-a wt and Arf2/2 mice. Fischer’s exact test was used to analyze

the difference in incidence between wild-type and Arf2/2 mice. (B–F) Representative pictures of PDGF-B–induced mouse gliomas

stained for (B) viral transduced human PDGF-B, (C) PDGFRa, (D) PCNA and Ki67 (arrows indicate tumor cells positive for PCNA and

negative for Ki67), (E) gH2AX, and (F) RAD51. Scale bars ¼ 50 mm.
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log-rank test applied to Kaplan-Meier graphs, and
unpaired t test for cell proliferation.

Results

PDGF-B–induced Hyperplasias and Tumors Displayed
Autocrine PDGF Stimulation, Activation of DDR, and
Genomic Instability

In a hyperplasia xenograft model, a combination of
FGF2 (fibroblast growth factor-2), SCF (stem cell
factor), and endothelin-3 have been shown to induce
genomic instability in the hyperplastic lesions.36 To
analyze whether genomic instability also could be
induced by PDGF-B, we analyzed brain tumors
induced in neonatal Ntv-a wt and Arf2/2 mice with
RCAS-PDGF-B + RCAS-X (PDGF-B + X), where
RCAS-X is a control virus with no exogenous gene
inserted. Tumor lesions were divided into 3 groups on
the basis of histopathological findings: hyperplasias,
low-grade gliomas (grade II), and anaplastic gliomas
(grade III). Tumor incidence and malignancy were com-
parable to findings from previous studies27,29 (Fig. 1A,
Table 1). Hyperplasias were typically found in mice
that had hydrocephalus within 5 weeks after injection
and consisted of small, atypical, hyper-proliferative,
Olig2-positive (data not shown) intra/peri-ventricular
lesions not yet infiltrating the brain parenchyma that
were considered to be early neoplastic lesions.
Hyperplasias and tumors expressed PDGF-B (Fig. 1B)
and PDGFRA (Fig. 1C), supporting the presence of auto-
crine PDGF stimulation, and co-expression of Ki67 and
PCNA (Fig. 1D) suggested that PDGF-driven prolifer-
ation occurred. However, there were also cells positive
for PCNA only (Fig. 1D, indicated by arrows) proposing
induction of DDR in these cells.

To further analyze whether DDR activation occurred
in PDGF-B–induced tumors, we performed immunos-
tainings for DDR markers g-H2AX and RAD51. The
majority of hyperplasias and tumors had areas positive
for g-H2AX (Fig. 1E) and RAD51 (Fig. 1F), whereas
adjacent normal brain tissue samples tested negative
for these proteins (data not shown). This result suggested
that overexpression of PDGF-B activated DDR early in
tumor development. RAD51 expression was present in

tumors from both Ntv-a wt and Arf2/2 mice, but it
occurred more frequently and intensely in Ntv-a
Arf2/2 tumors. A putative explanation could be an
inability of p53 to repress RAD51 expression in
Arf2/2 mice.37

Genomic stability of PDGF-B–induced tumors was
analyzed by Feulgen staining.34 This is a recognized
technique used in the clinic to assess ploidy in formalin-
fixed, paraffin-embedded human tumor material.
Feulgen staining enabled us to estimate the DNA
content on a cell-to-cell basis in tumor tissue, and the
result for each tumor was presented as a histogram
(Fig. 2A). Analysis of modal values of PDGF-B + X
induced hyperplasias (n ¼ 2) and tumors (n ¼ 15) in
Ntv-a wt and Arf2/2 mice showed that all samples but
2 had an aneuploid DNA content (Fig. 2B). Two
tumors had a near-diploid DNA content (1 each from
wt and Arf2/2). Interestingly, both hyperplasias were
aneuploid. This indicated that PDGF-B could induce
aneuploidy in experimental gliomas and implied that it
is an early event in tumorigenesis.

PDGF-B Caused Genomic Instability in Cultured
Tumor Cells and Primary Glial Cells

Because, to our knowledge, PDGF-B has not previously
been shown to induce genomic instability, we wished to
further substantiate our findings by analyzing the DNA
content of cultured tumor cells derived from PDGF-B–
induced mouse gliomas. We used tumor cells from
both Ntv-a wt (cultures # 2164 and 2185) and Ntv-a
Arf2/2 (cultures # 1769 and 2167) mice. To verify
that cultured cells were tumor-derived, expression of
human PDGF-B mRNA in the tumor cell cultures was
confirmed (Supplementary Fig. 1A). DNA FACS analysis
was performed on uninfected primary Ntv-a wt cells and
on early passage tumor cell cultures. Cultures 1769 and
2167 were found to be diploid (data not shown) when
compared to primary Ntv-a wt cells (diploid control,
Supplementary Fig. 1C). However, culture 2164
showed clear aberrant DNA content (Supplementary
Fig. 1C), and culture 2185 showed an increased peak
at 4 c and a small extra population of cells at 8 c, indicat-
ing presence of tetraploid cells in this cell population
(Supplementary Fig. 1D). Tetraploidy has been
suggested to trigger chromosomal instability and even-
tually aneuploidy.38 Taken together, our data from cul-
tured tumor cells support the hypothesis that oncogenic
PDGF-B can induce genomic instability.

The result from PDGF-B–induced hyperplasias and
tumors suggested that the effect by PDGF-B on
genomic instability would be an early event in tumori-
genesis. We therefore investigated the effect of PDGF-B
on genomic instability in primary glial cells from
newborn Ntv-a wt and Arf2/2 mice. Early passage
cells from Ntv-a wt and Arf2/2 mice were infected
with RCAS-PDGF-B, referred to as IC (infected cells)
wt or IC Arf2/2 cells, and expression of the virally trans-
duced human PDGF-B mRNA was confirmed
(Supplementary Fig. 1A). DNA FACS analysis showed

Table 1. Tumor incidence in Ntv-a wt and Arf2/2 mice injected
with combinations of RCAS-RAD51 (RAD51), RCAS-PDGF-B
(PDGF-B), and RCAS-X (X)

Arf
status

RCAS No. of
mice

No. of
tumors

Incidence,
%

wt RAD51 39 0 0

wt PDGF-B + X 43 19 44

wt PDGF-B + RAD51 35 7 20

Arf2/2 RAD51 41 0 0

Arf2/2 PDGF-B + X 47 22 47

Arf2/2 PDGF-B + RAD51 42 4 9
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that IC wt cells displayed genomic instability, compared
with uninfected wt cells (Supplementary Fig. 1E), with a
DNA content that changed over time. At passage 18, a
fraction of cells retained a diploid DNA content,
whereas the majority of the cells were tetraploid
(Supplementary Fig. 1F). At later passages, genomic
instability had progressed and several aneuploid peaks
had appeared (Supplementary Fig. 1G), suggesting tetra-
ploidization to be a first step toward aneuploidy in these
cells.

Because primary cells from Ntv-a Arf2/2 mice are
immortal,39 we first investigated whether mere loss of
p19Arf would cause genomic instability. DNA FACS
analysis showed that uninfected Arf2/2 cells were
diploid (Supplementary Fig. 1H). Upon PDGF-B infec-
tion, a subset of IC Arf2/2 cells was tetraploid, as
shown by an enlarged peak at 4c and an extra G2
peak at 8c (Supplementary Fig. 1I). Together, our data
from PDGF-B–induced tumors and tumor cells and
PDGF-B–infected primary glial cells support the
hypothesis that aberrant PDGF signaling can cause
genomic instability.

RAD51 Inhibited PDGF-B–induced Glioma Formation
and Genomic Instability

The fact that RAD51 was endogenously expressed in the
PDGF-B–induced gliomas indicated that DDR was
induced. This induction, however, was not sufficient to
suppress the genomic instability seen in almost all
PDGF-B–induced tumors. To analyze whether forced
expression of RAD51 could affect PDGF-induced

genomic instability and tumorigenesis in our model,
we co-injected RCAS-RAD51 + RCAS-PDGF-B or
RCAS-RAD51 + RCAS-X (as a control) intracerebrally
in neonatal Ntv-a wt and Arf2/2 mice. In the
RAD51 + X group, some mice developed hydrocepha-
lus and RAD51 could be detected in the peri-ventricular
areas of the brain (data not shown), but no tumors or
dysplastic lesions were found in any of the mice by 12
weeks of age (Table 1). This showed that RAD51
could be virally transduced and highly expressed by
glial cells in vivo but was not oncogenic by itself.

In the RAD51 + PDGF-B–injected group, there was
a significant decrease in tumor incidence versus the
PDGF-B + X–injected mice (Table 1, Fig. 3A). In
addition, cross-wise comparisons (wt; PDGF-B + X vs.
Arf2/2; PDGF-B + RAD51 and Arf2/2; PDGF-B + X
vs. wt; PDGF-B + RAD51) generated significant
decreases in incidence (Fig. 3A), supporting the hypoth-
esis that the effect was caused by RAD51 and indepen-
dent of Arf loss. Accordingly, co-expression of RAD51
significantly prolonged survival in both Ntv-a wt and
Arf2/2 mice (Fig. 3B).

To investigate whether RAD51 expression could
hamper PDGF-induced genomic instability, we per-
formed Feulgen stainings of PDGF-B + RAD51
induced dysplasias (n ¼ 3) and tumors (n ¼ 8) from wt
and Arf2/2 mice. No tumors or dysplasias induced by
PDGF-B + RAD51 had a truly diploid DNA content,
but the majority of lesions contained a near-diploid
DNA content (Fig. 2C). An example of a near-diploid
PDGF-B + RAD51 tumor is shown in
Fig. 2D. Analysis of the combined numbers in wt and
Arf2/2 mice of near-diploid and aneuploid tumors

Fig. 2. Assessment of genomic instability by Feulgen analysis on hyperplasias and tumors. (A) A typical histogram for a PDGF-B + X tumor.

Black peaks depict the reference DNA content of normal brain cells in the same tissue section. (B) Modal values for PDGF-B + X hyperplasias

and tumors (depicted by squares and triangles) and mean for each group (depicted by short black lines) are indicated. The dotted line

indicates the DNA content of normal diploid cells, and the solid line indicates the maximum value for near-diploid cells. (C) Modal values

for PDGF-B + X (diamonds) and PDGF-B + RAD51 (circles) hyperplasias and tumors where the results from wild-type and Arf2/2 mice

have been combined. The dotted line indicates the DNA content of normal diploid cells, and the solid line indicates the maximum value

for near-diploid cells. (D) A histogram of a near-diploid PDGF-B + RAD51 tumor with a modal value of 2.2c. Black peaks represent

normal diploid cells analyzed in a tumor-free area of the same tissue section. (E) Fischer’s exact test shows a significant difference in

distribution of near-diploid and aneuploid dysplasias + tumors between the PDGF-B + X and PDGF-B + RAD51 groups.
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Fig. 3. RAD51 could inhibit PDGF-B–induced glioma development in Ntv-a wt and Arf2/2 mice. (A) Incidence and distribution of grade from

PDGF-B + X and PDGF-B + RAD51 tumors in wt and Arf2/2 mice. Fischer’s exact test was used to compare incidence rates. ns indicates

nonsignificant. (B) Kaplan-Meier graph showing glioma-free survival. Censored objects are depicted with a vertical bar. Survival curves were

compared using the log-rank test. (C) A representative immunohistochemical staining for RAD51 in a PDGF-B + RAD51 tumor. Scale bar ¼

25 mm. (D and E) Representative pictures of double immunofluorescence stainings for PCNA and RAD51 in tumor tissue. Different areas of

the same PDGF-B + RAD51 tumor showing one area with high PCNA expression and no RAD51 expression (D) and another area with

intense nuclear RAD51 staining and no PCNA-positive cells (E). (F) A representative PDGF-B + X tumor showing high endogenous RAD51

expression and no overlap with PCNA. Scale bar ¼ 50 mm.
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and dysplasias showed a significant increase in near-
diploid lesions in the PDGF-B + RAD51 group, com-
pared with the PDGF-B + X group (Fig. 2E). These
data strongly support the hypothesis that RAD51 over-
expression could protect tumor cells from genomic
instability.

RAD51 Inhibited Proliferation of Tumor Cells in vivo
and Primary Glial Cells in vitro

To further investigate the mechanism by which RAD51
could inhibit glioma development and genomic instabil-
ity, we analyzed the expression of RAD51 in relation to
PCNA in the tumor tissue, because previous studies
showed that overexpression of RAD51 in vitro could
lead to decreased proliferation and delay in cell cycle pro-
gression.21,22 RAD51 was nuclearly expressed in distinct
areas of most PDGF-B + RAD51–induced hyperplasias
and tumors (Fig. 3C), and in some tumors, it also dis-
played cytoplasmic staining proximal to the nucleus
(data not shown), which has been described for cells over-
expressing RAD51 for an extended period of time.40

There was no overlap with PCNA in either hyperplasias
or tumors. In fact, most tumors displayed high expression
of PCNA and low expression of RAD51 (Fig. 3D), indi-
cating increased proliferation and/or DDR. However,
in areas with high RAD51 expression, PCNA-positive
cells were notably less common (Fig. 3E), and we could
never find cells that co-expressed nuclear RAD51 and
PCNA (Fig. 3D and E), suggesting that RAD51 overex-
pression results in lower proliferation and/or DDR.
Interestingly, also in PDGF-B + X tumors that had dis-
tinct expression of endogenous nuclear RAD51, the
vast majority of cells did not co-express PCNA (Fig. 3F).

To analyze the effect of RAD51 on proliferation, we
used primary glial cells from Ntv-a Arf2/2 mice infected
with RCAS-PDGF-B and/or RCAS-RAD51. Expression
of RAD51 resulted in significantly lower cell numbers
than in corresponding controls (Fig. 4A) and there
was no increase in apoptosis (data not shown). The
effect by RAD51 on IC wt cells was also studied.
RAD51 and control infected cells were analyzed for
RAD51 expression and proliferation as measured by
BrdU incorporation and Ki67 staining. Control cells
expressed low levels of endogenous RAD51 (Fig. 4B
and C) while most RAD51 infected cells showed high
expression of RAD51 (Fig. 4D and E). In line with the
data from tumor tissue, cells with high nuclear RAD51
expression were never BrdU (Fig. 4D) or Ki67 (Fig. 4E)
positive. Together, our data from tumor tissue and
primary cells strongly indicated that nuclear expression
of RAD51 could inhibit PDGF-B–stimulated proliferation.

Discussion

Genomic instability is a hallmark of human cancer and is
acquired by most solid tumors. It is suggested to be an
early event in the tumorigenic process, facilitating
additional genetic aberrations and tumor progression.1

Activation of oncogenes and growth-promoting

pathways has been shown to induce genomic instability
both in vitro and in vivo.36,41 Genomic instability often
precedes mutations of so-called caretaker genes, such as
TP53,36,42 supported by data showing that deletion of
TP53 in vitro and in vivo did not lead to aneuploidy.43

In our study, we used a PDGF-B–induced mouse
model of gliomagenesis that mimics the proneural
subtype of human glioma.44 We found that the exper-
imental gliomas displayed expression of DDR proteins
and genomic instability and that these features likely
were due to the aberrant PDGF signaling and occurred
early in the tumorigenic process. As for TP53, loss of
p19Arf did not predispose for genomic instability.

The oncogene-induced DNA replication stress model
is based on the hypothesis that replicative stress as a
result of oncogenic signaling will contribute to
genomic instability early in tumor development.45

Activation of DDR in response to stalled replication
forks is suggested to work as an anti-cancer barrier in
pre-cancerous lesions.36,42 In mammalian cells, RAD51
was recently shown to protect and restart stalled replica-
tion forks even before DSBs had formed,12,13 demon-
strating the central role of RAD51 to protect against
genomic instability. Here, we demonstrate in vivo that
forced expression of RAD51 can decrease the incidence
of oncogene-induced glioma, prolong survival, and
reduce genomic instability in tumors in a
p19Arf-independent manner. The fact that endogenous
RAD51 expression was up-regulated in PDGF-B + X
tumors indicated that oncogene-induced replicative
stress and/or DNA damage occurred in response to
PDGF but that the response was insufficient to protect
cells from genomic instability and malignant transform-
ation. A recent study showed that loss of function of
DNA repair pathway proteins in combination with
PDGF-B stimulation caused increased glioma incidence
and malignancy,26 supporting our findings of a tumor
suppressive function by DNA repair proteins.

The fact that RAD51 could reduce genomic instability
may be of clinical importance, because it has been shown
that patients who have near-diploid tumors have a signifi-
cantly better prognosis, compared with those who have
aneuploid tumors.35,46 Moreover, high RAD51 protein
expression in glioblastoma has been shown to correlate
with increased survival of patients.20 Our investigation
endorses a putative therapeutic role for activation of
the HR pathway through increased RAD51 expression.
The results from tumor tissue, tumor cells, and
PDGF-B–infected normal cells strongly implied that
high nuclear expression of RAD51 could inhibit
PDGF-driven proliferation, and the absence of BrdU
incorporation in these cells indicated that they were
halted in the G1 phase of the cell cycle. The finding that
the RAD51-mediated tumor inhibitory and genome
stabilization effects occurred in both wt and Arf2/2

mice strongly implied that the suppressive effects by
RAD51 were independent of p19Arf. This is essential,
because approximately one-half of human glioblastomas
carry mutations or homozygous deletions of CDKN2A
that will affect p14ARF, and it suggests that these patients
may still benefit from reactivating the RAD51 pathway.
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Fig. 4. Inhibitory effect by RAD51 on in vitro proliferation of PDGF-B–infected Ntv-a wt and Arf2/2 cells. (A) Total cell numbers at day 5

after infection of primary Ntv-a Arf2/2 cells with the depicted viruses. Cell numbers were compared using the unpaired t test. (B–E) Double

immunofluorescence stainings for RAD51 and BrdU or Ki67 on IC wt cells infected with RCAS-X (B and C) or RCAS-RAD51 (D and E). Scale

bar ¼ 100 mm.
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