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Malignant glioma (MG) is highly proliferative and invasive, with
the malignant characteristics associated with aneuploidy and chro-
mosomal instability (CIN). Here, we found that the level of ger-
minal center–associated nuclear protein (GANP), a mammalian
homologue of yeast Sac3, was markedly decreased in MGs with a
poor prognosis; and thus we explored the effect of its decrease on
cell-cycle progression of MG cell lines. Glioblastomas showed a sig-
nificantly lower level of ganp mRNA than anaplastic astrocytomas,
as measured by real-time reverse transcription-PCR, in 101 cases of
adult MG. MGs of ganpLow expression displayed more malignant
characteristics, with loss of heterozygosity on chromosome 10, epi-
dermal growth factor receptor gene amplification, and signifi-
cantly poorer prognosis than the ganpHigh group. Human diploid
fibroblasts depleted of ganp mRNA by the RNA interference (RNAi)
method showed a decreased percentage of S-phase cells and a cel-
lular-senescence phenotype. MG cell lines harboring abnormalities
of various cell-cycle checkpoint molecules displayed slippage of
mitotic checkpoints and an increased proportion of hyperploid
cells after ganp RNAi-treatment. These results suggest that GANP
protects cells from cellular senescence caused by DNA damage and
that a significant decrease in GANP expression leads to malignancy
by generating hyperploidy and CIN. (Cancer Sci 2009; 100: 2069–
2076)
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H uman malignant gliomas (MGs), diagnosed as anaplastic
astrocytoma (AA) and glioblastoma multiforme (GBM),

are composed of different cell types displaying a wide spectrum
of heterogeneity regarding morphology, biological aggressive-
ness, invasive potentiality, and treatment sensitivity.(1) Exten-
sive genetic studies have shown that MGs reveal distinctive
features of complex chromosome aberrations, resulting in the
loss of heterozygosity of the chromosomes carrying tumor sup-
pressors of PTEN and p16 ⁄ Cdkn2 ⁄ Ink4, and in the amplification
of epidermal growth factor receptor (EGFR) and human double
minute-2 oncoprotein (HDM2).(2–5) Chromosomal instability
(CIN), appearing as chromosome gains or losses, occurs fre-
quently during the cell-cycle processes of DNA synthesis, chro-
mosomal duplication and segregation, and cytokinesis(6) as a
result of various kinds of DNA damage. A sensor mechanism in
cells initially recognizes DNA damage as single-stranded DNA
breaks or double-stranded DNA breaks (DSBs) and then induces
a DNA damage response (DDR) acting through either a cellular-
senescence mechanism that keeps the damaged cells prolifera-
tion silent at cell-cycle checkpoints or an apoptotic mechanism
that eliminates the DNA-damaged cells.(7)

Accumulated evidence has demonstrated that DNA damage
occurs to genes during active gene transcription as transcription-
coupled DNA damage during the G1-phase(8) in a yeast model
that lacks mRNA export molecules.(9) The molecular mecha-
nisms of mRNA export have been intensively studied by using
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yeast cells.(10,11) The yeast Sac3 protein is associated with Thp1
protein as a Sac3 ⁄ Thp1 complex that is necessary for the trans-
port of ribonucleoprotein complexes bound to SAGA complexes
to the nuclear pore and toward the cytoplasm.(12) The lack of
either one of these components causes homology-mediated
DNA hyper-recombination at a high frequency that is measured
by an artificial reporter construct of tandem-repeat leu2 gene.

A mammalian homologue of Sac3 was identified as germi-
nal center–associated nuclear protein (GANP), which is a pro-
tein required for affinity maturation of antigen-stimulated
B-cells.(13–15) GANP contains two functional domains poten-
tially involved in DNA replication: the NH2-terminal
RNA-primase domain(16) and the COOH-terminal MCM3-
binding ⁄ acetylating domain.(17) Overexpression of ganp cDNA
in Daudi B-cells causes DNA synthesis to exceed that in the
mock-transfectants.(16) Transgenic mice (ganp-Tg) that express
the ganp transgene in B lineage cells show a high incidence
of lymphomagenesis (29.5%) after they have aged.(18) The
middle region of GANP is homologous to Sac3, implying that
GANP might be involved in the mRNA export complex. The
introduction of ganp into NIH-3T3 cells suppressed homol-
ogy-mediated DNA hyper-recombination caused by DSBs after
restriction enzyme digestion with I-sceI, and this activity was
restricted to the Sac3-homology region of GANP.(19) In mam-
mals, however, there are few studies providing evidence for
the involvement of GANP in mRNA export and none indicat-
ing its association with transcription-coupled DNA damage
and cancer cells in clinical cases. Here, we examined whether
an abnormality in GANP related to the export of mRNA com-
plexes exists in clinical cancer cases by focusing on various
malignant neoplasm originating in the central nervous system
(CNS). GANP expression was significantly decreased in MGs
with poor prognosis. Remarkably, a decrease in GANP expres-
sion caused the accumulation of senescence-phenotype cells
among human diploid fibroblast cells, presumably indicating
that GANP expression is normally essential to suppress DNA
damage during cell culture. GANP insufficiency was associ-
ated with the induction of CIN in the cells harboring various
genetic abnormalities in their cell cycle and checkpoints, indi-
cating that a decrease in GANP expression is a critical factor
for the progression of malignancy in gliomas.

Materials and Methods

Patients and samples. Samples were obtained from the
Department of Neurosurgery at Kumamoto University Hospital.
The 101 patients were from a consecutive series, and no
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Table 1. Primer sequences

Primer name Forward (5¢–3¢) Reverse (5¢–3¢)

siRNA

ganp siRNA CCAGCGUCUUCUGGAGUAAGUCAUU AAUGACUUACUCCAGAAGACGCUGG

ganp siRNA2 CCCAAACCUCAAGUGUUGGACCCUU AAGGGUCCAACACUUGAGGUUUGGG

scrambled control siRNA CCCACCUCAAGUGUUGGACCAACUU AAGUUGGUCCAACACUUGAGGUGGG

Real-time RT-PCR

ganp CGTGGAGCTGATGGAACG GCAGAAGCACTGAAGCTCCT

ganp donor probe AGTGGGCACAGACATCCTCACAGCAACG —

ganp acceptor probe GCCACACGGACCCTCTGGTCTGTCTCTA —

gapdh CAGCCTCAAGATCATCAGC GGCCATCCACAGTCTTCT

gapdh donor probe GGTCATCCATGACAACTTTGGTATCATGGAA —

gapdh acceptor probe GACTCATGACCACAGTCCATGCCATCACTG —
exclusion criteria were applied. RNA extraction from samples
and reverse transcription (RT) reaction were performed.(20) The
patients and ⁄ or their legal guardians gave written informed
consent for use of their specimens. Median age of the patients
was 51 years (range, 17–78 years). All patients underwent surgi-
cal resection (including biopsy) with or without postoperative
radiotherapy and ⁄ or nitrosourea-based chemotherapy. GBM
patients younger than 70 years of age received both radiother-
apy and chemotherapy; older patients usually received radiother-
apy only. Clinical details, date of recurrence (or regrowth) on
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The survival time was measured as the time from the date of the
initial surgery to the date of death or to the date of analysis
(1 June 2007). Progression-free survival time was measured
from the date of initial surgery to the onset of clinical deteriora-
tion or the tumor recurrence confirmed radiologically. MIB-1
labeling index (LI), loss of heterozygosity on the chromosome
10 (LOH10), and the epidermal growth factor receptor gene
amplification (EGFR amplification) were analyzed.(3,4,21) An
immunohistochemical analysis (IHC) was carried out on CNS
dulloblastoma

18 

5
rs

ion (–)
ion (+)

1

anpLow

 = 45

Fig. 1. Germinal center–associated nuclear
protein (GANP) expression in central nervous
system (CNS) tumors. (a, upper panel) GANP
expression in various CNS tumors by
immunohistochemistry (IHC). Original magni-
fication ·400 for each panel. (lower panel) The
larger magnification of images is shown
(·1000). (b, left panel) Comparison of overall
survival of malignant gliomas (MGs) between
the cases of either high or low ganp mRNA
expression using the Kaplan–Meier method. The
patient group of low ganp mRNA expression
(5 ± 6) (ganpLow) showed a worse prognosis
than the group of high expression (20 ± 11)
(ganpHigh) (log-rank [Mantel–Cox] test,
P < 0.0001). (right panel) Statistical analysis of
the different progression-free survivals between
ganpLow and ganpHigh patients using the
Kaplan–Meier method. The patients of ganpLow

(5 ± 2) showed a worse prognosis than those
with ganpHigh (19 ± 9) (log-rank [Mantel–Cox]
test, P = 0.0018). (c) Comparison of other
genetic abnormalities between ganpLow and
ganpHigh patients. Loss of heterozygosity on the
chromosome 10 (LOH10) and epidermal growth
factor receptor (EGFR) amplification were
reported(3,4) and the percentage of their
positive cases is shown.
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Table 3. Comparison of ganp mRNA expression with clinicopatho-

logic features in MGs

Factor No. of cases
Ganp mRNA

(Mean ± SD)

Mann–Whitney

U-test P-values

Age (years)

>50 58 8 ± 7 0.0020*

£50 43 15 ± 12

Sex

Male 58 11 ± 9 0.8260

Female 43 12 ± 12

Histological type

AA (WHO grade III)** 29 19 ± 13 <0.0001*

GBM (WHO grade IV) 72 8 ± 6

Preop KPS Score (%)

>70 87 11 ± 10 0.5946

£70 14 11 ± 14

MIB-1 LI (%)

>20 35 9 ± 8 0.0019*

£20 66 14 ± 12

Non-tumor brain 4 15 ± 3 n.d.

*The statistical significances are shown. **AA was selected from
World Health Organization (WHO) grade III in this comparison. AA,
anaplastic astrocytoma; GBM, glioblastoma multiforme; LI, labeling
index; MGs, malignant gliomas; n.d., not determined; preop KPS
score, preoperative Karnofsky Performance Scale score; SD, standard
deviation.

Table 2. Comparison of GANP expression in various CNS tumors by

IHC

Samples No. of cases
GANP expression†

) ± + ++

PCNSL 25 1 6 4 14

AA 10 1 4 4 1

GBM 20 3 11 6 0

Medulloblastoma 4 3 0 1 0

†Relative expression level of germinal center–associated nuclear
protein (GANP) by immunohistochemical (IHC) score. AA, anaplastic
astrocytoma; CNS, central nervous system; GBM, glioblastoma
multiforme; PCNSL, primary central nervous system lymphoma.

Table 4. Multivariate analyses of prognostic factors in MGs

Factor
OS PFS

HR (95% CI) P-values HR (95% CI) P-values

Age (>50 ⁄ £50) 0.36 (0.20–0.64) <0.01* 1.01 (0.48–2.10) 0.98

WHO grade (III ⁄ IV) 10.74 (3.99–28.94) <0.01* 2.51(1.18–5.31) 0.01*

MIB-1 LI (>20 ⁄ £20) 1.16 (0.71–1.91) 0.54 0.63 (0.32–1.27) 0.19

ganp expression

(‡10 ⁄ <10)

1.02 (0.56–1.84) 0.95 0.48 (0.22–1.05) 0.06

*The statistical significances are shown. CI, confidence interval; ganp,
germinal center–associated nuclear protein; HR, hazard ratio; LI,
labeling index; MGs, malignant gliomas; WHO, World Health
Organization.
tumor specimens. Paraffin sections (4-lm) were immunostained
with rat antimouse GANP monoclonal antibody (mAb)(13) in
combination with biotinylated antirat IgG Ab with Vectastain
ABC complex (Vector Laboratories, Burlingame, CA, USA)
and 3,3-diaminobenzidine (Sigma-Aldrich, St. Louis, MO,
USA). The staining intensity was evaluated by two investigators
as IHC score as follows: ), negative; ±, weak; +, intermediate;
++, strong.

Real-time RT-PCR. PCR was performed using a LightCycler
(Roche Molecular Biochemicals, Indianapolis, IN, USA). Spe-
cific oligonucleotide primers and probes for ganp and glyceral-
dehyde-3-phosphate dehydrogenase (gapdh) were purchased
(Nihon Gene Research Laboratories, Sendai, Japan). The level
of ganp mRNA expression is determined in comparison with
that of gapdh. Primers and probes are listed in Table 1.

Cell culture, transfection, and irradiation (IR). MRC-5 and five
human MG cell lines, U251MG, U373MG, T98G, U87MG, and
A172, were maintained in DMEM (Invitrogen, Carlsbad, CA,
USA) supplemented with 10% fetal calf serum (Sigma-Aldrich),
2 mM L-glutamine (Cambrex, East Rutherford, NJ, USA), and
5 · 10)5

M 2-mercaptoethanol with 5% CO2 at 37�C. Cells were
transfected with 10 nM (final concentration) of the small inter-
fering RNA (siRNA) using Lipofectamine RNAiMAX (Invitro-
gen). Stealth RNAi duplexes (Invitrogen) are listed in Table 1.
Exposure to IR was done using Gamma-cell 40 extracter (Nordi-
on International, Ottawa, ON, Canada) with a 137Cs source.

Cell-cycle analysis. The siRNA-treated cells were collected,
washed with PBS, and incubated with propidium iodide (PI)
solution.(18) For bromodeoxyuridine (BrdU) incorporation anal-
ysis, siRNA-treated cells were labeled with 10 lM BrdU before
harvest. DNA was stained with 7-amino-actinomycin D and
fluorescein isothiocyanate (FITC)-conjugated anti-BrdU Ab
using the FITC BrdU Flow Kit (BD Biosciences, San Jose, CA,
USA). The cell cycle was analyzed using FACSCalibur (BD,
Franklin Lakes, NJ, USA) with the CellQuest software.

Senescence-associated b-galactosidase (SA-b-gal) staining. SA-
b-gal activity was detected with a Senescence b-Galactosidase
Staining Kit (Cell Signaling, Danvers, MA, USA).

Immunoblotting and immunofluorescence. Cells were treated
with siRNA or irradiation and lysed by TNE buffer and the cell
lysates were separated by SDS-PAGE followed by immunoblot-
ting.(13) Primary Abs against GANP,(13) p53 (Calbiochem, San
Diego, CA, USA), p16 (BD Biosciences), p21 (Santa Cruz Bio-
technology, Santa Cruz, CA, USA), and Rb (BD Biosciences)
were used in comparison with b-actin Ab (a loading control).
Cells were fixed with 3.7% paraformaldehyde and incubated
with anti-trimethyl-Histone H3 (Lys9) Ab (Millipore, Bedford,
MA, USA) and Alexa488-conjugated goat antirabbit IgG (Invi-
trogen).(18) To detect the nuclei, cells were fixed with 3.7%
paraformaldehyde, permeabilized by 0.2% Triton X-100, and
stained with PI.
Ohta et al.
Fluorescence in situ hybridization (FISH). U251MG cells trea-
ted with siRNA were incubated with colcemid (0.02 lg ⁄ mL)
for 4 h, harvested, re-suspended in 0.075 M KCl, and fixed in
3:1 methanol ⁄ glacial acetic acid. The centromeric region-spe-
cific FISH probes for human chromosomes were prepared
using two bacterial artificial chromosomes RP11-88E13 and
RP11-164B7 by labeling with digoxigenin-11-dUTP (for chro-
mosome 7) and dinitrophenyl-11-dUTP (for chromosome 9),
respectively. Cells were incubated with the mixed probes
with Cy3-labeled anti-digoxigenin and Cy5-labeled anti-dini-
trophenyl Abs in comparison with 4́,6-diamino-2-phenylindole
staining. The images were captured with the CW4000 FISH
application program (Leica Microsystems Imaging Solution,
Cambridge, UK).

Statistical analyses. The non-parametric Mann–Whitney U-test
was adopted for statistical analysis of the association between
ganp mRNA expression and clinicopathologic factors. Overall
survival (OS) and progression-free survival (PFS) curves were
prepared by Kaplan–Meier method and verified by the log-rank
(Mantel–Cox) test. The independent effect of each parameter
on OS and PFS was analyzed using the multivariate Cox pro-
portional hazards regression model. The difference was consid-
ered significant when a P-value of <5% was obtained.
Cancer Sci | November 2009 | vol. 100 | no. 11 | 2071
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Results

Decreased expression of GANP in MGs. GANP expression
occurs at high levels in various human hematological disorders
including Hodgkin’s lymphoma, acute myeloid leukemia, and
myelodysplastic syndrome.(18) Ganp-Tg mice develop Hodgkin-
like lymphomas at high incidence, which confirmed the associa-
tion between increased GANP expression and tumorigenesis.(18)

Here, we examined the expression of GANP in various CNS
tumors by using IHC (Fig. 1a, Table 2). GANP was expressed at
high levels in primary CNS lymphomas (PCNSL), but at rather
lower ones in the malignant tumors of AA, GBM, and medullo-
blastoma. The larger magnification images were shown in the
lower panel. Thus, we examined the expression of ganp mRNA
in 101 cases of MGs (29 cases of AA and 72 cases of GBM) and
four cases of non-tumor brain by quantitative real-time RT-PCR
as the relative copy number in comparison with the control gap-
dh mRNA (Table 3). The non-tumor brain tissues showed the
expression of ganp mRNA at 15 copies in the average. In MGs,
the ganp mRNA was at seven copies as the median value
(between 0 and 58 copies). The cases were divided into two
groups by age (£50 years and >50 years), sex, the histological
type of AA and GBM corresponding to World Health Organiza-
tion (WHO) grade III and IV, respectively, preoperative Karnof-
sky Performance Scale (KPS) score (<70 and ‡70), or MIB-1 LI
(<20 and ‡20). The expression of ganp mRNA did not show any
significant difference in the comparison by sex or preoperative
KPS score; however, it differed significantly in the comparison
by age, WHO grade, or MIB-1 LI. The level of ganp mRNA
was significantly lower in the case of patients >50 years of age,
GBM (WHO grade IV), or high MIB-1 LI; and the difference
was marked in the comparison by WHO grade. The GBM group
showed significantly lower expression of ganp mRNA (8 ± 6)
than AA (grade III; 19 ± 13; P < 0.0001). This observation sug-
gests that decreased expression of ganp mRNA might be associ-
ated with the malignant character of tumors.

A clinically meaningful cut-off point for ganp mRNA expres-
sion was determined for the comparison between the expression
and the post-operative survival time by using the Kaplan–Meier
method and log-rank (Mantel–Cox) test. A remarkable differ-
ence was observed when the cases were compared at the cut-off
point of 10 copies, with the cases being classified into ganpLow

(<10) and ganpHigh (‡10) groups. The ganpLow patient group
showed significantly worse survival than the ganpHigh group in
terms of the OS rate (P < 0.0001) and in terms of the PFS rate
(P = 0.0018, Fig. 1b). To assess the association of survival dura-
tion with multiple clinical characteristics (age, WHO grade,
MIB-1 LI, and ganp mRNA expression), we performed multi-
variate analysis (Table 4). Age and WHO grade were found to
be independent prognostic factors for OS, but the decrease
of ganp mRNA expression was not an independent prognostic
factor for OS and PFS.

Association of LOH10 and EGFR amplification with the
decreased expression of GANP in MGs. To investigate further the
relevance of low ganp expression to the development of glio-
mas, we compared the existence of LOH10(3) and EGFR ampli-
fication(4) between the ganpLow and the ganpHigh glioma groups.
LOH10 appeared in 69% of ganpLow cases, which was much
higher (P = 0.0274) than the 44% for the ganpHigh cases
(Fig. 1c, left). EGFR amplification was detected in 31% of gan-
pLow cases, which was four times higher (P = 0.0161) than the
7% for the ganpHigh ones (Fig. 1c, right). The decrease in ganp
mRNA expression thus appears to be an indicator of the poor
prognosis of MGs.

Effect of decreased GANP expression on cell proliferation and
cell-cycle progression of human diploid fibroblast cells. To exam-
ine whether a decrease in GANP expression causes abnormal
cell growth, we treated human diploid fibroblast MRC-5 cells
2072
with a siRNA for ganp. The ganp siRNA markedly suppressed
the expression of ganp transcripts compared with the control
siRNA as assessed by real-time RT-PCR (Fig. 2a, left) and this
suppression was confirmed by immunoblotting (Fig. 2a, right).
Next, the cells were examined by cell-cycle analysis after BrdU
incorporation (Fig. 2b). Treatment with ganp siRNA caused
remarkable cell-cycle abnormalities after 2 days, i.e., an
increase in the number of mitotic cells and a decrease in that of
S-phase cells, and no alteration in that of apoptotic cells, as
determined by flow cytometric analysis (Fig. 2b). Another set of
ganp siRNA (ganp siRNA2) also suppressed ganp expression
and caused the similar cell-cycle change, indicating that the
cell-cycle change was really induced by the suppression of
GANP (Fig. 2c). Ganp RNA interference (RNAi)-treatment of
MRC-5 cells caused a marked increase in the number of SA-
b-gal+ cells compared with that obtained with control siRNA-
treated cells (Fig. 2d). MRC-5 cells showed the cell-cycle arrest
of the cellular-senescence phenotype after ganp RNAi-treat-
ment. Cellular senescence induced after ganp RNAi-treatment
was caused by prolonged cell-cycle arrest with activation of p16
and the decrease of Rb expression similar to those caused by 6-
Gy irradiation (Fig. 2b,e). We confirmed that cellular senescence
had occurred in ganp siRNA-treated cells, by analyzing senes-
cence-associated heterochromatin foci (SAHF) as another fea-
ture of cellular senescence.(22) K9M-H3, a marker of SAHF(22),
appeared as typical punctate regions of DNA corresponding to
heterochromatic foci in ganp siRNA-treated cells (Fig. 2f).

Effect of decreased GANP expression in MG cell lines
harboring genetic abnormalities. Five MG cell lines (Table 4),
U251MG, U373MG, U87MG, T98G, and A172, carrying vari-
ous genetic abnormalities showed cell-cycle abnormalities with
various degrees of hyperploidy after anti-microtubule drug
(AMD) treatment.(23–25) In contrast with the case of MRC-5
fibroblasts, ganp RNAi-treatment caused remarkable cell-cycle
abnormalities in U251MG cells, with an increase in the percent-
age of mitotic cells (from 15.2% to 23.3%) and hyperploid cells
(from 1.36% to 15.6%) at day 5, as determined by flow cytomet-
ric analysis (Fig. 3a, left). On the contrary, U87MG cells
showed no significant change in the generation of hyperploid
cells (from 5.08% to 6.41%) after the same treatment; whereas
G2 ⁄ M-phase cells increased (from 25.2% to 31.9%; Fig. 3a,
right). This result indicates that ganp RNAi-treatment caused
the hyperploidy in U251MG in a cell-type specific manner. A
peculiar difference between U251MG and U87MG cells is the
p53 state. U251MG carries a p53 mutation, whereas U87MG
has the wild-type (WT) p53.(23) Immunoblot analysis showed
that the level of WT p53 was increased in ganp siRNA-treated
U87MG, indicating that the cell-cycle checkpoint governed by
p53 operated normally in this cell line (Fig. 3b). The mutant p53
might allow the mitotic slippage of U251MG cells undergoing
DDR.(24) U87MG and A172 carrying WT p53 did not show any
increase in the percentage of hyperploid cells; whereas the other
cell lines carrying p53 mutations, U251MG, U373MG, and
T98G, generated more hyperploid cells (Table 5).

Induction of CIN by ganp RNAi-treatment in MG cell lines that
harbor p53 mutations. Ganp RNAi-treatment generated large
nuclei with abnormal contours in U251MG cells but not in
U87MG ones, as detected by PI staining (Fig. 3c, arrows).
We further examined whether ganp RNAi-treatment would
cause increases in CIN and the number of EGFR genes as in
glioma cells.(26–30) The hyperploidy was examined by using
FISH to detect the multiplicity of chromosome 7 carrying the
EGFR gene and chromosome 9 (Fig. 3d). Typically in con-
trol siRNA-treated U251MG cells, there were more than two
copies of chromosome 7 (red);(24) however, ganp RNAi-treat-
ment increased the number of chromosomes to over 10 sig-
nals per cell (Fig. 3). These results indicate that the decrease
in the level of ganp mRNA resulted in cell-cycle abnormali-
doi: 10.1111/j.1349-7006.2009.01293.x
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Control

Fig. 2. Induction of cellular senescence by
germinal center–associated nuclear protein
(ganp) RNA interference (RNAi)-treatment in
human diploid fibroblast. (a, left panel)
Suppression of GANP by ganp RNAi-treatment.
Ganp mRNA was examined by real-time PCR in
siRNA-treated MRC-5 after 48 h. Ganp mRNA is
shown as the arbitrary copy in comparison with
gapdh mRNA. (right panel) GANP protein was
examined by immunoblot analysis. b-Actin
was used as a loading control. (b) Effect of
RNAi-treatment or irradiation (IR) on MRC-5
was examined by cell-cycle analysis. Cell-
cycle distribution was examined by BrdU
incorporation on the x-axis with the total DNA
content on the y-axis. Box indicates cells in the
S-phase. (c, left panel) Another sequence of
ganp RNAi-treatment (ganp siRNA2) in human
diploid fibroblast. Suppression of ganp
transcription in ganp siRNA2-treated cells. Ganp
mRNA was examined by real-time PCR in ganp
siRNA2-treated MRC-5 after 48 h. Ganp mRNA is
shown as the arbitrary copy in comparison with
gapdh mRNA. (right panel) Cell-cycle analysis in
ganp siRNA2-treated cells. Cell-cycle distribution
was examined by BrdU incorporation on the
x-axis with the total DNA content on the y-axis.
Box indicates cells in the S-phase. (d) Induction
of SA-b-gal activity in MRC-5 after ganp RNAi-
treatment. Images of low (·100) and high
(·400) magnification are shown in control or
ganp siRNA-treated cells. Percentages indicate
the number of SA-b-gal+ cells per 100 cells. (e)
Expression of cell cycle–related molecules in
MRC-5 after ganp RNAi- or IR-treatment. Cell
lysates from MRC-5 treated with siRNA or IR
were subjected to immunoblotting with the
Abs. (f) Induction of SAHF in MRC-5 after ganp
RNAi-treatment. MRC-5 were stained with anti-
trimethyl-Histone H3 (Lys9) (K9M-H3) Ab and
viewed under a fluorescent microscope.
Counterstaining was done by propidium iodine
(PI).
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Table 5. Effect of ganp siRNA on various malignant glioma cell lines

Cell line
Gene state† Hyperploid cell (%)‡

p53 p16 Control siRNA ganp siRNA

U251MG Mutated Deleted 1.84 ± 0.23 16.5 ± 0.85

U87MG WT Deleted 4.57 ± 0.69 5.43 ± 1.08

U373MG Mutated Deleted 1.58 ± 0.08 17.2 ± 1.05

T98G Mutated Deleted 2.40 ± 0.31 21.0 ± 0.53

A172 WT Deleted 1.91 ± 0.59 1.13 ± 0.11

†Gene states were obtained from a previous report.(43) ‡Hyperploid
cells were calculated by flow cytometry after 5 days of RNA
interference (RNAi)-treatment. ganp, germinal center–associated
nuclear protein.

(a) (b)
Normal cells MG cells

Decrease

Abnormality
of checkpoints

of GANP
expression

DDR DDR

Cellular
senescence

CINApoptosis

Fig. 4. A proposed model regarding germinal center–associated
nuclear protein (GANP) insufficiency and malignant progression of
malignant gliomas (MGs). GANP insufficiency causes normal or
malignant cells to initiate DNA damage response (DDR). In case of
irreparable DNA damages, normally cells cause apoptosis or cellular
senescence accompanied with up-regulation of p16 (a). Adversely, MG
cells harboring various genetic abnormalities including p53 mutation
may generate hyperploid cells by GANP insufficiency under the
G1-checkpoint abrogation that leads to the continuation of cell
cycling as mitotic slippage (b).
ties generating hyperploid cells, in association with another
genetic abnormality (in this case, the p53 mutation) of cell-
cycle control.

Discussion

In this study, we focused on the expression of GANP in MGs
with a poor prognosis and studied the molecular mechanism to
explain how the low ganp expression is associated with the gen-
eration of CIN in MG cell lines. Our results demonstrated that
the expression of GANP, a putative component of the ribonu-
cleoprotein complex, is significantly decreased in the group of
MGs with poor prognosis.

The formation of mature ribonucleoprotein particles probably
plays a role not only in gene expression, but also in the mainte-
nance of genome stability.(31) Null mutation of any component
of suppressor of the Transcriptional defects of Hpr1D by Over-
expression (THO) results in similar phenotypes of transcription
impairment and defects in mRNA export. Analysis of THO
mutants in yeast led to the hypothesis that transcription-associ-
ated hyper-recombination is tightly linked to transcriptional-
elongation impairment and is presumably caused by the co-tran-
scriptional formation of R-loops (DNA–RNA hybrids).(32)

We examined how the decrease in the GANP level affected
cell-cycle progression and generated hyperploidy in MG cell
lines of different genetic abnormalities; and based on our results
we propose a model to show how GANP insufficiency is associ-
ated with malignant progression of MGs (Fig. 4). The lack of
p53 results not only in the DNA damage-induced impairment of
checkpoints but also in the impairment of the spindle assembly
checkpoint, and cells lacking p53 become hyperploid after treat-
ment with AMD.(33,34) GANP insufficiency causes cells to initi-
ate DDR. When the DNA damage is irreparable, cells undergo
apoptosis or cellular senescence (Fig. 4a). However, MG cells
harboring various genetic abnormalities may become hyperploid
by the decreased expression of GANP under the G1-checkpoint
abrogation that leads to the continuation of cell cycling as mito-
tic slippage (Fig. 4b). The MG cell lines harboring WT p53 did
not generate hyperploid cells by inhibiting cell-cycle progres-
sion at the G2 ⁄ M-phase after the DDR, suggesting that the
critical gatekeeper is p53 in the transcription-coupled DDR.
Fig. 3. Induction of hyperploid cells by germinal center–associated n
malignant glioma (MG)cell lines. (a, upper panel) Suppression of ganp tra
time RT-PCR in U251MG and U87MG after 48 h of RNAi-treatment. Ganp
(middle panel) Effect of RNAi-treatment on U251MG and U87MG was e
examined by BrdU incorporation on the x-axis and total DNA content on
cells with DNA content larger than 4N. (lower panel) Line graphs summ
content were measured over a 6-day period using two cell lines. (b) Expr
treatment. Cell lysates from U251MG and U87MG treated with siRNA wer
and U87MG was performed after RNAi-treatment. Arrows indicate la
(magnification, ·400). (d, upper panel) Dual-color FISH analysis of U251M
after 5 days by FISH using fluorescent probes for chromosome 7 (red) and
number was scored by examining more than 50 cells.

Ohta et al.
Cells with DNA damage normally undergo cell-cycle arrest at
the G2-phase, owing to the intact G2 checkpoint. These cells
undergo cellular senescence without further progression of the
cell cycle. GANP insufficiency causes a continuous cell-cycle
arrest and generates cellular-senescence changes, although it
may not be a direct cause of oncogenesis under the intact check-
point regulation.

The senescence response appears to be due to either one or
both of the two pathways leading to senescent cell-cycle arrest,
which are governed by tumor suppressor proteins p53 and
Rb.(35,36) The inhibitor of CDKs (INK) proteins including
p16INK4a specifically inhibit the activity of cyclin D-dependent
kinases to prevent the phosphorylation of Rb family pro-
teins.(37,38) The p16INK4a-Rb pathway controls the cell cycle at
the G1-phase and induces cell-cycle arrest as replicative senes-
cent cells, which are represented by the development of dense
foci of heterochromatin.(22,39) Treatment with ganp siRNA
markedly augmented the expression of p16 and prevented the
phosphorylation of Rb, indicating that the DDR caused by
GANP insufficiency was mediated by the p16INK4a-Rb pathway.

The transcription of the ganp gene is regulated by the E2F
consensus element (at -56 bp in the mouse).(40) The E2F tran-
scription factor plays a pivotal role in the timely activation of
gene expression during mammalian cell-cycle progression.(41)

Co-expression of E2F-2 and p53 enhances the anti-cancer effect
of p53 in glioma cells.(42) The critical elements associated with
uclear protein (ganp) RNA interference (RNAi -treatment in human
nscription by ganp RNAi-treatment. Ganp mRNA was examined by real-
mRNA is shown as the arbitrary copy in comparison with gapdh mRNA.
xamined by cell-cycle analysis after 5 days. Cell-cycle distribution was
the y-axis. Left box, cells in the S-phase; right box, cells in hyperploid
arizing the percentage of hyperploid cells with more than 4N DNA

ession of cell cycle–related molecules in MG cell lines after ganp RNAi-
e subjected to immunoblotting with Abs. (c) DNA staining of U251MG
rge nucleated cells in comparison with control siRNA-treated cells
G after RNAi-treatment. U251MG treated with siRNA were examined
9 (yellow) (magnification, ·1000). (lower panel) The centromeric copy
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tumorigenesis and malignant progression of MG cases need to
be determined.

In conclusion, we have herein shown that down-regulation of
GANP caused cellular senescence in fibroblast cells and also
caused CIN in association with a p53 abnormality in MGs.
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