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Small ubiquitin-like modifier (SUMO1–3) constitutes a group of
proteins that conjugate to lysine residues of target proteins
thereby modifying their activity, stability, and subcellular locali-
zation. A large number of SUMO target proteins are transcription
factors and other nuclear proteins involved in gene expression.
Furthermore, SUMO conjugation plays key roles in genome
stability, quality control of newly synthesized proteins, proteaso-
mal degradation of proteins, and DNA damage repair. Any
marked increase in levels of SUMO-conjugated proteins is there-
fore expected to have a major impact on the fate of cells. We
show here that SUMO conjugation is activated in human
astrocytic brain tumors. Levels of both SUMO1- and SUMO2 ⁄
3-conjugated proteins were markedly increased in tumor samples.
The effect was least pronounced in low-grade astrocytoma (WHO
Grade II) and most pronounced in glioblastoma multiforme (WHO
Grade IV). We also found a marked rise in levels of Ubc9, the
only SUMO conjugation enzyme identified so far. Blocking
SUMO1–3 conjugation in glioblastoma cells by silencing their
expression blocked DNA synthesis, cell growth, and clonogenic
survival of cells. It also resulted in DNA-dependent protein
kinase-induced phosphorylation of H2AX, indicative of DNA dou-
ble-strand damage, and G2 ⁄M cell cycle arrest. Collectively, these
findings highlight the pivotal role of SUMO conjugation in DNA
damage repair processes and imply that the SUMO conjugation
pathway could be a new target of therapeutic intervention
aimed at increasing the sensitivity of glioblastomas to radiother-
apy and chemotherapy. (Cancer Sci 2013; 104: 70–77)

A strocytic tumors are the most common type of intrinsic
brain tumors. They show a tendency for progression

toward a more malignant phenotype.(1) Astrocytomas are clas-
sified according to the WHO malignancy scale, into low-grade
astrocytoma (WHO Grade II, AII), anaplastic astrocytoma
(WHO Grade III, AIII), and glioblastoma multiforme (GBM;
WHO Grade IV,). Treatment of these brain tumors presents
the major challenge in neuro-oncology today. This is particu-
larly evident in the case of GBM, the most common form of
primary brain tumor, which carries a very poor prognosis even
after surgical resection with subsequent radiotherapy and
chemotherapy.
The standard therapy for newly diagnosed glioblastoma is

still surgical resection followed by radiotherapy and temozolo-
mide treatment, but the median survival following therapy is
only 12–14 months. Glioblastoma usually respond to radio- and
chemotherapy, but recurrence is almost inevitable. This may be
due to genetic alterations and the presence of glioblastoma stem
cells. Several of the genetic alterations associated with glioblas-
toma play a role in repair of DNA damage and could therefore

be responsible for the resistance to therapy.(2) The radioresis-
tance of glioblastoma stem cells is caused by preferential acti-
vation of the DNA damage checkpoint response and an increase
in the capacity for DNA damage repair.(3,4) DNA damage repair
is a highly conserved process in which post-translational protein
modifications with small ubiquitin-like modifier (SUMO1–3)
play a fundamental role.(5) We therefore hypothesize that the
SUMO conjugation pathway is highly activated in glioblastoma.
The group of proteins that constitute SUMO1–3 conjugate to

lysine residues of target proteins, thereby modulating their
activity, stability, and subcellular localization. A large number
of SUMO conjugation target proteins are transcription factors or
other nuclear proteins involved in gene expression and genome
integrity.(6) A substantial change in levels of SUMO-conjugated
proteins can, therefore, be expected to have a major impact on
the fate of cells. The potential importance of the SUMO conju-
gation pathway as a therapeutic tumor target is already appreci-
ated,(7) but contradictory findings have been published.(8–13)

To the best of our knowledge, no attempts have been made
to establish whether levels of SUMO-conjugated proteins are
elevated in tumors. Here, we show that levels of SUMO1- and
SUMO2 ⁄3-conjugated proteins are markedly elevated in
human astrocytic tumors. In addition, we provide evidence that
blocking SUMO1–3 conjugation by silencing their expression
suppresses DNA synthesis, cell growth, and clonogenic sur-
vival of glioblastoma cells, and triggers cell cycle arrest at
G2 ⁄M and DNA damage. This suggests that the SUMO conju-
gation pathway has the potential for therapeutic intervention to
block development of astrocytic brain tumors.

Materials and Methods

Ethics statement. Informed patient consent was obtained
according to the Helsinki declaration of ethical requirements,
and consent was also given by the local ethics committee at
the University of Cologne, Germany. The local ethics commit-
tee specifically approved this study. Informed patient consent
was given in written form.

Tumor sampling. Surgical specimens were obtained from 58
patients with astrocytic tumors at the Department of General
Neurosurgery, University of Cologne, Germany. Tumor sam-
ples were taken during neurosurgery, snap-frozen in liquid
nitrogen immediately after excision, and stored at �80°C until
analysis. All samples used for biochemical analyses were
histologically evaluated using 10-lm cryostat sections stained
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with H&E and compared with paraffin sections in order to
ensure that representative tissues were taken. Only samples
without evidence of necrosis were considered for the present
study. Samples were classified according to the WHO classifi-
cation of tumors of the nervous system, with 19 astrocytomas
Grade II, 19 astrocytomas Grade III, and 20 GBM. Peritumoral
white matter samples, evaluated histologically to confirmed
absence of tumor cells, served as controls.

Characterization of tumor samples. A highly volatile process,
SUMO conjugation requires various enzymes involved in the
processes of conjugation (E1, E2, and E3) and deconjugation
(SUMO proteases [SENPs]). To guarantee that the SUMO
conjugation profile is not changed during sample preparation
and processing, tissue specimens dissected from brains during
surgery must be frozen as quickly as possible, which means that
samples from post-mortem brains cannot be used. Peritumoral
white matter samples that were confirmed histologically to be
free of tumor cells were used as controls. Brain tumors induce
peritumoral vasogenic brain edema,(14) which may be associated
with a decrease in ATP and an increase in lactate levels,(15)

indicative of hypoxic conditions. As prolonged hypoxia activates
the SUMO conjugation pathway,(16) we evaluated vascular endo-
thelial growth factor (VEGF) mRNA levels in our control sam-
ples as a sensitive measure of hypoxic stress.

Quantitative PCR. Levels of VEGF mRNA and b-actin mRNA
were evaluated by quantitative PCR. Total RNA was extracted
from approximately 20 mg of frozen samples using the TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). RNA was reversed tran-
scribed to form cDNA using random hexamers and oligo(dT) as
primers (Invitrogen). The PCR reactions were run in a LightCycler
2.0 (Roche Diagnostics, Indianapolis, IN, USA) using SYBR
Green. The following sets of primers were used: VEGF forward
primer, TGAGGAGTCCAACATCACCA; reverse primer, TTTC
TTGCGCTTTCGTTTTT; b-actin forward primer, ATGCCA-
TCCTGCGTCTGGACCT; reverse primer, GCCGCCAGACAG-
CACTGTGTTG. For quantification, changes in VEGF mRNA
levels were compared to b-actin mRNA levels.

Cell culture and DNA constructs. For our experiments, we used
F98 rat glioblastoma cells (CRL-2397; ATCC, Manassas, VA,

USA) and MGR3(17) human glioblastoma cells cultured in
DMEM medium supplemented with 10% FBS and 1% penicillin
–streptomycin (Invitrogen). A 4-hydroxytamoxifen (4-OHT)-
inducible lentiviral system was used to express designed miR-
NAs.(18) A miRNA-based RNAi vector expressing three pre-
miRNAs against SUMO1, SUMO2, and SUMO3 was first estab-
lished in the vector pcDNA6.2-GW ⁄EGFP-miR (Invitrogen) by
inserting miR-SUMO1 (target sequence GGTCAGAGAATT-
GCTGATAAT) into the construct miR-SUMO2 ⁄3,(19) using
BamHI and XhoI restriction sites. The fragment harboring GFP
and miR-SUMO1 ⁄2 ⁄3 or miR-Neg, a pre-miRNA sequence not
related to any mammalian gene, was then subcloned into the
vector pF5xUAS to generate 5xUAS ⁄miR-SUMO1 ⁄2 ⁄3 and
5xUAS ⁄miR-Neg, respectively. In order to generate 4-OHT-
inducible stable F98 and MGR3 cell lines, cells were infected
with both 5xUAS ⁄miRNA and GEV16 lentiviruses and selected
with two antibiotics, hygromycin B (GEV16 selection, 10 lg
⁄mL; Sigma–Aldrich, St. Louis, MO, USA) and puromycin
(5xUAS ⁄miRNA selection, 5 lg ⁄mL; Sigma–Aldrich). Single
cell clones were picked and screened for the knockdown effi-
ciency of SUMO1 ⁄2 ⁄3 after induction with 100 nM 4-OHT by
Western blot analysis. A single cell clone for 5xUAS ⁄miR-Neg
or 5xUAS ⁄miR-SUMO1 ⁄2 ⁄3 (referred to as miR-Neg and miR-
SUMO, respectively) was expanded and used for further
analysis.

Western blot analysis. Frozen tumor samples were weighed
in the cold, and proteins were extracted with lysis buffer, as
described before.(20) Cell cultures were processed in the same
way to analyze levels of SUMO-conjugated proteins. Protein
concentration in extracts was analyzed using the BCA protein
assay (Thermo Scientific, Rockford, IL, USA). Immunoblotting
was carried out using 4–15% SDS-PAGE gels (Bio-Rad,
Hercules, CA, USA) and the following primary antibodies:
SUMO1 (by courtesy of Dr John Hallenbeck, Stroke Branch,
National Institute of Neurological Disorders and Stroke,
National Institutes of Health, Bethesda, MD, USA); SUMO2 ⁄3
(Covance, Denver, PA, USA); Ubc9 (BD Biosciences, San
Jose, CA, USA); EGFR (Cell Signaling Technology, Danvers,
MA, USA); and b-actin as loading control (Sigma–Aldrich).

(A) (B)

(C) (D)

Fig. 1. Small ubiquitin-like modifier (SUMO)
conjugation is activated in human astrocytoma
malignancies. Western blot analysis depicts the
pattern of SUMO1 (A) and SUMO2 ⁄ 3 (C)
conjugation in the same astrocytoma samples,
summarized in (B) and (D), respectively. Tumor
samples were taken during neurosurgery, and were
processed and analyzed. For quantification of levels
of SUMO1- and SUMO2 ⁄ 3-conjugated proteins, the
high molecular-weight area in each lane was
cropped, as indicated in (A) and (C). Data are
presented as means � SD. Statistical analysis was
carried out using ANOVA and Fisher’s PLSD test. AII,
WHO Grade II, low-grade astrocytoma (n = 19); AIII,
WHO Grade III, anaplastic astrocytoma (n = 19); C,
control (n = 4); GBM, WHO Grade IV, glioblastoma
multiforme (n = 20). *P < 0.05; **P < 0.01;
***P < 0.001.
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For quantification of levels of SUMO1- and SUMO2 ⁄3-conju-
gated proteins, the high molecular area in each lane above the
non-specific band at approximately 72 kDa was cropped, as
indicated in Figure 1(A,C). For image analysis, a very short
exposure time was used so that the optical density of the smear
of bands derived from control samples was just slightly above
background optical density. Image analysis was carried out
using the ImageJ program (Wayne Rasband, NIH, download-
imagej.com).
The effect of SUMO1–3 knockdown in MGR3 cells on levels

of proteins related to DNA damage and cell cycle control were
evaluated by Western blot analysis. The MGR3 miR-Neg and
miR-SUMO cells were exposed to 4-OHT (100 nM) for 5 days.
Proteins were then extracted from cultures �4-OHT exposure.
The following antibodies were used: p-H2AX (Ser139; Milli-
pore, Hayward, CA, USA); cyclin A, cyclin B1, cyclin E (Cell
Signaling Technology); and phosphorylated DNA-dependent
protein kinase (p-DNA-PK; Ser2056; by courtesy of Dr Sandeep
Burma, UT Southwestern Medical Center, Dallas, TX, USA). To
evaluate the role of DNA-PK in H2AX phosphorylation, cells
were first exposed to 4-OHT (100 nM) to activate expression of
miR-Neg or miR-SUMO. Three days later, 10 lM NU7026
(Sigma–Aldrich), a potent and highly specific inhibitor of DNA-
PK, was added to cultures for an additional 2 days.

Analysis of DNA synthesis. The F98 stable cells (miR-SUMO
and miR-Neg) were plated at a density of 20 000 cells ⁄ cm2

grown at 37°C in 5% CO2 for 24 h prior to the addition of
4-OHT or vehicle. Forty-eight hours after adding 4-OHT, cells
were detached with trypsin–EDTA, counted, resuspended in
culture medium, and replated in a 96-well plate at a density of
10 000 cells ⁄well. The 4-OHT (100 nM) or vehicle was
added, and cells were maintained for an additional 4 h in 5%
CO2.

3H-thymidine (50 lCi, specific activity 46 Ci ⁄mmol;
ICN Biochemicals, Aurora, OH, USA) was then added to the
medium. Cells were harvested 24 h later following detachment
with trypsin–EDTA, and collected on filter paper. After drying
overnight, cells were immersed in scintillation cocktail (ICN
Biochemicals) and counted for 10 min in a liquid scintillation
counter. Four test conditions were examined: (i) miR-Neg
cells + 4-OHT; (ii) miR-Neg cells + vehicle; (iii) miR-SUMO
cells + 4-OHT; and (iv) miR-SUMO cells + vehicle. Uptake
of 3H-thymidine for each test condition was recorded in units
of cpm per 10 000 cells as means of six replicate observations.

Analysis of cell growth and clonogenic survival. The effect of
SUMO1–3 knockdown on growth of MGR3 human glioblas-
toma cells was evaluated using the real-time electronic system
(RT-CES; ACEA Biosciences, San Diego, CA, USA). The
RT-CES allows continuous analysis of cell growth by imped-
ance measurement.(21) MGR3 stable cells (miR-Neg and
miR-SUMO) were seeded at a density of 2500 cells ⁄well in
96-well E-plates in triplicate. Twenty-four hours after seeding,
100 nM 4-OHT was added to induce expression of miRNAs,
and cell growth was measured at 15-min intervals. Three inde-
pendent experiments were carried out for each cell line. In par-
allel experiments, we evaluated the effects of miR-SUMO
expression on levels of SUMO1- and SUMO2 ⁄3-conjugated
proteins. Cells were exposed to 100 nM 4-OHT to activate
miRNA expression, and levels of SUMO1- and SUMO2 ⁄3-
conjugated proteins were evaluated 1–4 days later by Western
blot analysis. For clonogenic survival analysis, MGR3
miR-Neg or miR-SUMO cells were seeded at 2000 cells ⁄well
in 6-well plates in triplicate. Twenty-four hours after seeding,
cells were incubated with or without 100 nM 4-OHT for
10 days. Cells were fixed with 4% paraformaldehyde, and col-
onies were stained with 5% crystal violet solution. Three inde-
pendent experiments were carried out for each cell line.

Immunofluorescence staining. The MGR3 miR-Neg and
miR-SUMO cells were cultured in medium supplemented with

⁄without 100 nM 4-OHT for 5 days then fixed with parafor-
maldehyde. After blocking at room temperature for 1 h, cells
were incubated with anti-phospho-histone H2AX (p-Ser139,
dilution 1:500; Millipore) at 4°C overnight. Cells were then
incubated for 2 h with Alexa Fluor 594-conjugated goat
anti-mouse IgG antibody (dilution 1:400; Invitrogen) at room
temperature. Images were captured on a Leica DM IRB
microscope (Leica Microsystems, Mannheim, Germany). Green
fluorescent protein fluorescence was also recorded as an indi-
cator of miRNA expression.

Cell cycle analysis. The MGR3 miR-Neg and miR-SUMO
cells were cultured in medium supplemented with ⁄without
100 nM 4-OHT for 5 days then trypsinized and fixed with
70% ethanol for 2 h on ice. For staining, cells were resus-
pended in PBS supplemented with 100 lg ⁄mL propidium
iodide (Sigma–Aldrich) and 200 lg ⁄mL RNase (Sigma–
Aldrich). Samples were analyzed by flow cytometry (BD
FACSCanto II; BD Biosciences). Data were analyzed with
Flowjo software (Tree Star, www.flowjo.com).

Statistical analysis. All data are presented as means � SD.
Statistical analysis was carried out using ANOVA and Fisher’s
PLSD test. A probability of 95% was taken to indicate signifi-
cant difference between groups.

Results

Characterization of tumor samples. The epidermal growth
factor receptor (EGFR) is almost selectively amplified in GBM
and is associated with rapid tumor recurrence.(22,23) We found
very strong expression of EGFR with various truncated forms
in 47% of GBM samples and in one of the AIII samples (Fig.
S1), indicating that our samples are representative, and that
our findings are comparable to those obtained by other
groups.(23) Furthermore, the 170-kDa band of full-length EGFR
appeared in almost all tumor samples, but at a much lower
level. When we evaluated our control samples for signs of
hypoxic stress by measuring VEGF mRNA levels, we did find
that several of our controls had significantly higher levels of
VEGF mRNA (P = 0.0007; Fig. S2). We therefore decided to
compare levels of SUMO-conjugated proteins in astrocytomas
to those found in control samples showing low VEGF mRNA
levels that had obviously not been exposed to hypoxia.

Small ubiquitin-like modifier conjugation pathway is activated
in astrocytic brain tumors. Several hundred SUMO-conjugated
proteins have been identified so far in cell cultures exposed to
stress conditions that are known to activate the SUMO conjuga-
tion pathway.(24) On Western blot analysis, these appear as a
strong smear of bands at high molecular weight. To quantify lev-
els of SUMO-conjugated proteins in tumor samples by Western
blot analysis, we used a very short exposure time so that the smear
of bands representing SUMO-conjugated proteins in control sam-
ples was barely visible (Fig. 1A,C). Levels of SUMO1-conjugated
proteins were massively increased in astrocytic tumors. Compared
to control samples, levels of SUMO1-conjugated proteins were
elevated 12.3 � 7.9-fold, 17.4 � 9.2-fold, and 28.4 � 9.8-fold
in AII, AIII, and GBM specimens, respectively (Fig. 1A,B).
Astrocytomas also showed high levels of SUMO2 ⁄3-conjugated
proteins (Fig. 1C). Compared to control specimens, levels of
SUMO2 ⁄3-conjugated proteins were elevated 20.7 � 12.4-fold,
21.8 � 11.1-fold and 29.0 � 10.9-fold in AII, AIII, and GBM
samples, respectively (Fig. 1D).
Three enzymatic steps are involved in SUMO conjugation,

an activating (E1), a conjugating (E2), and a ligating enzyme
(E3). Ubc9 is the only E2 enzyme that has been identified so
far. Its expression is markedly increased in malignant tissues
of the colon, prostate, breast, head and neck, and lung, but
decreased in metastatic breast, prostate, and lung cancer,(25)

Ubc9 protein levels were significantly elevated in astrocytoma
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samples compared to control, with a 10 � 6.2-fold, 17 � 7.5-
fold, and 20 � 7.1-fold increase in AII, AIII, and GBM,
respectively (Fig. 2A,B).

Silencing SUMO expression blocks DNA synthesis. To investi-
gate whether DNA synthesis in glioblastoma cells is modified
by SUMO conjugation, we evaluated the effects of suppressing
SUMO conjugation by blocking its expression using an
miRNA approach and incorporation of 3H-thymidine into
DNA. To avoid the risk of adaptive processes occurring in
cells with silenced SUMO expression during the long selection
process for stable cell lines, we used an inducible miRNA
expression system requiring two constructs. A schematic pre-
sentation of this inducible system is provided in Figure S3.
Glioblastoma F98 cells were stably transduced with two lentiv-
iruses. The GEV16 transcription factor, constitutively
expressed from the first construct driven by the ubiquitin pro-
moter, is retained in the cytoplasm in the absence of the indu-
cer 4-OHT. In the presence of 4-OHT, GEV16 translocates to
the nucleus and activates expression of miRNAs from 5xUAS
⁄miRNA (Fig. S3). We used this system to express GFP and
SUMO1 ⁄2 ⁄3 miRNAs (miR-SUMO) from one construct. For
controls, we used cells that, on 4-OHT exposure, express miR-
NA not directed against any mammalian gene (miR-Neg). Two
days after adding 4-OHT to cultures, SUMO1–3 expression

was almost completely blocked in cells expressing miR-SUMO
(Fig. 3A,B). Exposure to 4-OHT did not produce major change
in the incorporation of 3H-thymidine into DNA in cells
expressing miR-Neg, but it blocked 3H-thymidine incorpora-
tion in miR-SUMO cells to approximately 13% of control
(Fig. 3C). This indicates the crucial role of SUMO conjugation
in DNA synthesis in glioblastoma cells.

Silencing SUMO1–3 expression blocks growth and clonogenic
survival of human glioblastoma cells. The MGR3 miR-Neg or
miR-SUMO cells were seeded as described above, and miRNA
expression was induced 24 h later by adding 100 nM 4-OHT.
Western blot analysis indicated that 4-OHT-induced expression
of miR-SUMO resulted in depletion of levels of high molecular
weight SUMO1- and SUMO2 ⁄3-conjugated proteins and of free
SUMO1 and SUMO2 ⁄3 (Fig. 4A,B). Notably, levels of
SUMO1-conjugated proteins were almost depleted already at
day 1 after 4-OHT exposure (Fig. 4A), whereas it took 2 days of
exposure to markedly deplete levels of SUMO2 ⁄ 3-conjugated
proteins (Fig. 4B). Exposure to 4-OHT (Fig. 4C, arrow) slightly
reduced growth and clonogenic survival of cells expressing con-
trol miRNA (miR-Neg; Fig. 4C,D), as expected. Tamoxifen
exposure of glioblastoma cells has been shown to induce cell
death, although at a higher concentration.(26) In cells with
induced expression of miR-SUMO, in contrast, cell growth was

(A)

(B)

Fig. 2. Levels of the small ubiquitin-like modifier (SUMO)-conjugating enzyme Ubc9 are markedly increased in human astrocytoma malignan-
cies. Samples were taken during neurosurgery, processed and evaluated. Differences in Ubc9 protein levels in astrocytoma specimens are
depicted (A; same samples as in Fig. 1A,C) and summarized (B). Data are presented as means � SD. Statistical analysis was carried out using ANOVA

and Fisher’s PLSD test. AII, WHO Grade II, low-grade astrocytoma (n = 19); AIII, WHO Grade III, anaplastic astrocytoma (n = 19); C, control
(n = 4); GBM, WHO Grade IV, glioblastoma multiforme (n = 20). **P < 0.01; ***P < 0.001.

(A) (B) (C)

Fig. 3. Blocking small ubiquitin-like modifier (SUMO)1–3 conjugation in F98 rat glioblastoma cells by silencing their expression suppressed DNA
synthesis. Exposure to 4-hydroxytamoxifen (4-OHT) induced expression of miR-SUMO (three miRNAs against SUMO1, SUMO2, and SUMO3) and
miR-Neg (control miRNA) in stably transduced cells. Western blot analysis depicts SUMO1 (A) and SUMO2 ⁄ 3 (B) in cells without (�) and with (+)
4-OHT exposure, showing depletion of SUMO1 and SUMO2 ⁄ 3 in miR-SUMO expressing cells. Uptake of 3H-thymidine as an indicator of DNA syn-
thesis in transduced cells is shown in (C) and suggested that blocking SUMO1–3 conjugation by silencing their expression suppressed DNA synthe-
sis. Data are presented as means � SD (n = 6 ⁄ group). Statistical analysis was carried out using ANOVA and Fisher’s PLSD test. ***P < 0.001.
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completely blocked 2 days after addition of 4-OHT (Fig. 4C)
and clonogenic survival was markedly reduced (Fig. 4D).

Silencing SUMO1–3 expression activates H2AX phosphorylation
and induces G2/M cell cycle arrest. To investigate the mechanisms

underlying suppression of cell growth in miR-SUMO-expressing
cells (Fig. 4C), MGR3 cells expressing miR-Neg or miR-SUMO
were analyzed 5 days after adding 4-OHT (100 nM) to the med-
ium. To avoid overgrowth of control cells expressing miR-Neg,

(A)

(C)

(D)

(B)

Fig. 4. Silencing small ubiquitin-like modifier (SUMO)1–3 expression blocks growth and clonogenic survival of glioblastoma cells. Western blot
analysis indicates levels of SUMO1- and SUMO2 ⁄ 3-conjugated proteins in MGR3 human glioblastoma cells expressing control miRNA (miR-Neg)
or SUMO1–3 miRNA (miR-SUMO) at indicated time points after adding 4-hydroxytamoxifen (4-OHT; 100 nM; A,B). d, day. The strong bands at
approximately 28 and 72 kDa are non-specific bands. Suppressed growth and clonogenic survival of cells expressing miR-SUMO is shown in (C)
and (D). Data are representative of three independent experiments. Arrow (C) indicates addition of 4-OHT.

(A) (B) (C)

Fig. 5. Silencing small ubiquitin-like modifier (SUMO)1–3 expression induced phosphorylation of H2AX and G2 ⁄M cell cycle arrest. (A)Western
blot analysis indicates levels of SUMO1 and SUMO2 ⁄ 3, phosphorylated H2AX (p-H2AX), and cyclin A, B1, and E in MGR3 cells expressing control
(miR-Neg) or SUMO1–3 miRNA (miR-SUMO) after exposure to 4-hydroxytamoxifen (4-OHT; 100 nM) for 5 days. (B) Immunofluorescence staining
of phosphorylated H2AX revealed p-H2AX foci in the nuclei of cells in which SUMO1–3 expression was silenced, indicating DNA double-strand
breaks. (C) Green fluorescent protein and DAPI staining were used as indicators of miRNA expression and for identifying nuclei, respectively.
Analysis using FACS indicates arrest of the cell cycle at G2 ⁄M in cells in which SUMO1–3 expression was silenced. Data are representative of three
independent experiments.
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cultures were exposed to 4-OHT for 2 days, trypsinized, and
seeded at lower density for an additional 3 days in medium sup-
plemented with 4-OHT (100 nM).
First, we focused on phosphorylation of H2AX (p-H2AX), a

hallmark of DNA double-strand breaks,(27) Silencing SUMO1–3
expression induced a massive rise in levels of p-H2AX
(Fig. 5A). H2AX phosphorylation is a key cellular response to
DNA double-strand breaks, and p-H2AX binds to the sites of
DNA breaks.(28) We therefore analyzed the subcellular localiza-
tion of p-H2AX by immunofluorescence staining (Fig. 5B).
Green fluorescent protein was used as an indicator of miRNA
expression. As shown in Figure 5(B), knockdown of SUMO1–3
expression induced the formation of nuclear p-H2AX foci in
miR-SUMO expressing cells.
To investigate the effects of silencing SUMO1 ⁄2 ⁄ 3 expres-

sion on cell division, we evaluated levels of cyclin A, B1, and
E by Western blot analysis, and cell cycle by FACS. Cyclin
B1 is an essential regulator for the G2 to M phase transition. It
has been shown that downregulation of cyclin B1 induces
G2 ⁄M cell cycle arrest.(29) Indeed, silencing SUMO1–3 expres-
sion induced a marked reduction in levels of cyclin B1
(Fig. 5A) and an increase in the number of cells at the G2 ⁄M
phase from 10.1% to 32.5% (Fig. 5C).

Silencing SUMO1–3 expression activates DNA-PK. DNA dam-
age-activated protein kinase is a kinase that phosphorylates
H2AX under conditions of apoptotic DNA fragmentation,(30)

and plays a role in the repair of DNA damage in glioblastoma
cells exposed to radiation.(31) We therefore investigated
whether DNA-PK is involved in phosphorylation of H2AX
induced by silencing SUMO1–3 expression. Indeed, as shown
in Figure 6(A; arrow), a marked increase in levels of
phosphorylated DNA-PK (p-DNA-PK) was observed in miR-
SUMO cells at day 3 post exposure to 4-OHT. To further
verify the role of DNA-PK in H2AX phosphorylation, cells
were exposed to NU7026 (10 lM), a specific inhibitor of
DNA-PK.(32) Exposing cells to NU7026 for 2 days almost
completely blocked the increase of H2AX phosphorylation in
miR-SUMO cells (Fig. 6B). This suggested that DNA-PK
plays a predominant role in the phosphorylation of H2AX in
cells in which SUMO1–3 conjugation was blocked by silenc-
ing their expression.

Discussion

Here we provide evidence that the SUMO conjugation path-
way is activated in astrocytic tumors and that this effect is
most pronounced in GBM, the most aggressive form of all

brain tumors, with poor prognosis even after radical surgical
resection and subsequent aggressive radio- and chemotherapy.
This is, to the best of our knowledge, the first study that shows
high levels of SUMO-conjugated proteins in any kind of can-
cer compared to normal tissue.
Hypoxia is a hallmark of astrocytic brain tumors.(33–35)

Exposure of cells to hypoxia has been reported to activate
SUMOylation and hypoxia-induced activation of SUMO conju-
gation is believed to be a protective stress response shielding
cells from damage induced by hypoxia.(36) We therefore
expected hypoxia to contribute to the activation of SUMO
conjugation in astrocytic brain tumors (Fig. 1). However, we
provided evidence here that the entire SUMO conjugation
pathway was massively activated in astrocytic brain tumors, as
illustrated by high levels of free and conjugated SUMO1 and
SUMO2 ⁄3 and of the SUMO conjugating enzyme Ubc9
(Figs 1,2). This suggests that other mechanisms contribute to
the activated SUMO conjugation pathway in human gliomas.
The observation that DNA synthesis was suppressed in glio-

blastoma cells by blocking SUMO1–3 conjugation through
silencing their expression suggests that SUMO conjugation is
essential for glioblastoma cell survival. Indeed, silencing
SUMO1–3 expression blocked cell growth and clonogenic sur-
vival of glioblastoma cells. The rise in levels of phosphory-
lated H2AX and G2 ⁄M cell cycle arrest in miR-SUMO cells
provide evidence that the inability of affected glioblastoma
cells to repair DNA damage associated with cell division
results in a block of the cell cycle at the G2 ⁄M checkpoint.
Collectively, these data indicate the role of SUMO conjugation
in glioblastoma cell division and suggest that the SUMO con-
jugation pathway has the potential as a target for therapeutic
intervention to inhibit glioblastoma growth. After we have
established that the SUMO conjugation pathway is massively
activated in human glioblastomas and have provided evidence
that an active SUMO conjugation pathway is required for
glioblastoma cell survival, the next logical step is to identify
proteins that are SUMO conjugated in glioblastomas and to
elucidate the role of this post-translational protein modification
for the growth of these tumors and resistance to therapy. This
can best be done by quantitative proteomics analysis.(37)

Silencing SUMO1–3 expression in MRG3 human glioblas-
toma cells triggered DNA-PK activation, which in turn induced
phosphorylation of H2AX, indicating DNA double-strand
breaks, even in the absence of DNA damage-stimulating treat-
ment (Figs 5,6). This suggests that DNA double-strand breaks
occur spontaneously in dividing cells and require SUMO
conjugation for repair. It has indeed been reported that DNA

(A) (B)

Fig. 6. Blocking small ubiquitin-like modifier (SUMO) conjugation by silencing its expression resulted in DNA damage-activated protein kinase
(DNA-PK)-dependent phosphorylation of H2AX. (A) Western blot analysis shows phosphorylation of DNA-PK in MGR3 miR-Neg and miR-SUMO
cells at day 3 (3d) after adding 4-hydroxytamoxifen (4-OHT) to the medium. Arrow and asterisk indicate p-DNA-PK-specific and non-specific
bands, respectively. (B) Western blot analysis shows that the increase of phosphorylated H2AX (p-H2AX) is almost completely blocked in MGR3
miR-SUMO cells exposed to 4-OHT and the specific DNA-PK inhibitor NU7026, suggesting that DNA-PK is the major kinase for the phosphoryla-
tion of H2AX induced by silencing SUMO expression. Green fluorescent protein was used as an indicator of miRNA expression in both experi-
ments.
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damage occurs during replication, as evidenced by H2AX
phosphorylation(27,38) and that SUMO conjugation plays a piv-
otal role in DNA double-strand signaling and repair.(39) The
SUMO ligases PIAS1 and PIAS4 bind to double-strand breaks
and promote DNA double-strand break repair and confer resis-
tance to radiation.(39) This implies that when the SUMO conju-
gation pathway is highly activated, cells have a high DNA
damage repair capacity and a cell growth advantage over cells
with a less active SUMO conjugation pathway. Nuclear
extracts from radio-resistant glioblastoma cells have a much
better DNA double-strand break repair proficiency than radio-
sensitive glioblastoma cells,(40) suggesting a defining role of
DNA repair capacity in glioblastoma growth. Therefore, the
highly activated SUMO conjugation pathway in glioblastoma
cells may contribute to the resistance of cells to radio- and
chemotherapy.
Here, we have provided evidence that DNA-PK plays a role

in silencing SUMO1–3 expression-induced H2AX phosphory-
lation, and that DNA double-strand breaks, spontaneously
induced in replicating glioblastoma cells, cannot be repaired
when SUMO1–3 expression is silenced (Fig. 6). We did see
phosphorylation and thus activation of DNA-PK 3 days after
adding 4-OHT to cultures, but not after 5 days when H2AX
phosphorylation was very pronounced (Fig. 6A). One plausible
explanation for this pattern is that H2AX phosphorylation is a
process downstream of DNA-PK phosphorylation and that
long-lasting phosphorylation of H2AX results when DNA dou-
ble-strand repair is blocked in SUMO1–3 depleted cells. A
long-lasting phosphorylation of H2AX has indeed been
reported in cells when the DNA damage repair process is
impaired.(41–43)

Here, we report that the SUMO conjugation pathway is
markedly activated in glioblastomas and required for survival
of glioblastoma cells. However, levels of the SUMO protease
SENP3, which activates deconjugation of SUMOylated pro-
teins, is markedly increased in primary human cancers of the
colon, rectum, prostate, ovaries, and lungs.(10) Furthermore,
SENP3-mediated de-SUMOylation correlates with accelerated
cell proliferation under mild stress.(10) SENP3 expression is
also responsible for hypoxia-inducible factor (HIF)-1a transac-
tivation under mild oxidative stress; in nude mice xenografts
overexpressing SENP3 produce larger tumors.(10) In addition,

SENP1 is highly expressed in human prostate cancer speci-
mens and correlates with HIF-1a expression; indeed, SENP1
overexpression stabilizes HIF-1a during hypoxia,(44) and it also
facilitates high-grade prostatic neoplasia.(45) Collectively, these
observations suggest a role for de-SUMOylation in cancer
development. As levels of the SUMO conjugating enzyme
Ubc9 and levels of SUMO1- and SUMO2 ⁄3-conjugated pro-
teins were markedly increased in human astrocytoma samples,
we expect SUMO conjugation, and not deconjugation, to be
associated with cancer development in the astrocytic brain
tumors under investigation.
In summary, this study shows that the SUMO conjugation

pathway is activated in human astrocytic tumors and that this
activation is most pronounced in GBM. We also provide
evidence that an active SUMO conjugation pathway is
required for the functioning of glioblastoma cells because
blocking SUMO conjugation suppressed cell growth and clo-
nogenic survival, induced DNA double-strand breaks, and
arrested the cell cycle at G2 ⁄M. This suggests that the
SUMO conjugation pathway has the potential as a target for
therapeutic intervention aimed at blocking glioblastoma
development by interfering with the DNA damage repair
capacity of cells and thus increase the efficacy of radio- and
chemotherapy.
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