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Knockdown of Checkpoint Kinase 1 Is Associated with the
Increased Radiosensitivity of Glioblastoma Stem-Like Cells
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Glioblastoma multiforme is an aggressive brain tumor with a poor prognosis. The glioblastoma stem-like
cells (GSCs) represent a rare fraction of human glioblastoma cells with the capacity for multi-lineage
differentiation, self-renewal and exact recapitulation of the original tumor. Interestingly, GSCs are more
radioresistant compared with other tumor cells. In addition, the remarkable radioresistance of GSCs has
been known to promote radiotherapy failure and therefore is associated with a significantly higher risk of a
local tumor recurrence. Moreover, the hyperactive cell cycle checkpoint kinase (Chk) 1 and 2 play a pivotal
role in the DNA damage response including radiation and chemical therapy. Based on aforementioned, we
hypothesized that knockdown of Chk1 or Chk2 might confer radiosensitivity on GSCs and thereby
increases the efficiency of radiotherapy. In this study, we knocked down the expression of Chk1 or Chk2 in
human GSCs using lentivirus-delivered short hairpin RNA (shRNA) to examine its effect on the
radiosensitivity. After radiation, the apoptosis rate and the cell cycle of GSCs were measured with Flow
Cytometry. Compared with control GSCs (apoptosis, 7.82 £ 0.38%; G2/M arrest, 60.20 + 1.28%), Chk1
knockdown in GSCs increased the apoptosis rate (37.87 + 0.32%) and decreased the degree of the G2/M
arrest (22.37 + 2.01%). In contrast, the radiosensitivity was not enhanced by Chk2 knockdown in GSCs.
These results suggest that depletion of Chk1 may improve the radio-sensitivity of GSCs via inducing cell
apoptosis. In summary, the therapy targeting Chk1 gene in the GSCs may be a novel way to treat
glioblastoma.
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Glioblastoma multiforme (GBM) is an aggressive neo-
plasm with a poor prognosis. Despite gross tumor resection
or debulking, postoperative radiation therapy and chemo-
therapeutic treatment, most of the patients died in two years
(Laperriere et al. 2002; Combs et al. 2009). Nevertheless,
radiotherapy is still one of the most important methods for
GBM (WHO 1V) (Legler et al. 1999; Bache et al. 2011).
Radiation works by damaging the DNA within the tumor
cells, making them unable to divide and grow. But the
DNA damage checkpoint kinases are hyperactive in glio-
blastoma stem-like cells (GSCs), which allow cells to be
exempted from the DNA damage. The activation of the
DNA damage kinases, involved in detecting damaged or
abnormally structured DNA, contributes to the radioresis-
tance of GSCs. Compared to non stem-like glioma cells,
the GSCs have higher activity of cell cycle checkpoints
(Bao et al. 2006). Therefore, GSCs are more resistant to
radiation therapy than differentiated tumor cells (Bao et al.
2006; Squatrito et al. 2010). GSCs represent a small sub-

population of GBM cells, with the stem-like properties and
the capacity of multi-lineage differentiation, self-renewal
and exact recapitulation of the original tumor. GSCs play a
pivotal role in tumor development and maintenance
(Campos et al. 2010; Wan et al. 2010). Because radiation
can kill differentiated tumor cells while sparing the rare
cancer stem cell population, GSCs are regarded as a “cul-
prit” of tumor recurrence (Bao et al. 2006; Firat et al. 2011).
Since the cell cycle checkpoint kinase 1 and 2 (Chkl,
Chk2) are the key regulators in cell checkpoint signaling
pathway (Smith et al. 2010; Dai and Grant 2010), we
hypothesize that restraining Chkl or Chk2 of GSCs may
abrogate cell cycle checkpoint and improve the radio-
sensitivity. In this study, Chkl or Chk2 knockdown strate-
gies were employed in exploring whether they can confer
radiosensitivity on GSCs. Our data indicate that Chkl
knockdown in GSCs may be a novel strategy for the treat-
ment of glioblastoma.
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Materials and Methods

Materials

The human GSC cell line was a gift from Prof. Wan Feng in
Tongji Medical College (Campos et al. 2010; Wan et al. 2010).
Lentivirus expression vector, pLKO.I1-TRC, was obtained from
Sigma Company (St. Louis, MO, USA). Restriction endonucleases
Agel, EcoRI, and Ncol and T4 DNA ligase were purchased from
NEB Company (Beijing, China). Lentivirus packaging kit was
bought from Clontech Company (Osaka, Japan). Fetal bovine serum
and DMEM were purchased from Hyclone Company (Logan, UT,
USA). Annexin V-FITC kit was bought from BD Company (Franklin
Lakes, NJ, USA). Chkl and Chk2 antibodies were purchased from
CST Company (Beverly, MA, USA).

Cell Culture and Identification

The GSCs were cultured in a serum-free media containing
DMEM supplemented with human recombinant epidermal growth
factor (20 ng/ml), basic fibroblast growth factor (20 ng/ml), leukemia
inhibitory factor (10 ng/ml), and 1 x B27 without vitamin A at 37°C
under 5% CO, (Campos et al. 2010). In our study, we identified the
GSCs for its stem cell features using neurosphere formation, immu-
nofluorescence and orthotopic xenografting in nude mice. Female
BALB/c nude mice (SLAC, Ltd., Shanghai, China), 6 weeks of age,
were housed under specific pathogen-free conditions. Animal experi-
mental protocols were approved by Institutional Animal Care and Use
Committee, Huazhong University of Science and Technology.
Briefly, 1 x 10°cells in 5 ul PBS were implanted stererotactically into
the right basal ganglia of the nude mice brain (coordinates: 1.0 mm
forward from bregma, 2.0 mm lateral, and 3.0 mm ventral from the
dura) using a 10 ul Hamilton syringe at a speed of 1 ul/min. After
harvest, the pathological features of GSCs orthotopic xenografts were
identified.

Preparation of short hairpin RNA (shRNA)

According to the target sequences of Chkl and Chk2 gene
(GenBank GI: 166295195 and 54112406), design interferential
sequence Chk1-shRNA and Chk2-shRNA. The Chkl shRNA
sequences were 5-CCG GCT GCA AAT AGT AGT TCC TGA ACT
CGA GTT CAG GAA CTA CTATTT GCA GTT TTTG-3' (forward)
and 5'-AAT TCA AAA ACT GCA AAT AGT AGT TCC TGA ACT
CGA GTT CAG GAA CTA CTA TTT GCAG-3' (reverse); the Chk2
shRNA sequences were 5-CCG GCG CCG TCC TTT GAA TAA
CAA TCT CGA GAT TGT TAT TCA AAG GAC GGC GTT TTTG-
3’ (forward) and 5'-AAT TCA AAA ACG CCG TCC TTT GAA TAA
CAA TCT CGA GAT TGT TAT TCA AAG GAC GGCG-3' (reverse).
Oligonucleotides were synthesized by Invitrogen Company
(Shanghai, China), and scrambled shRNA sequences served as nega-
tive control. These pairs of probes, either the antisense or sense, were
dissolved at a concentration of 20 M, and the annealing reaction
assembled by mixing 5 uL of each oligonucleotide with 40 xL anneal-
ing buffer. The mixture was incubated in PCR Amplifier: 95°C for 4
min, 70°C for 10 min, and then cooling slowly. pLKO.I-TRC vector
was linearized with EcoRI and Agel, then the linearized vector was
used directly in a ligation reaction. DHS5a competent cells
(Invitrogen, Shanghai, China) of 25 ul were transformed using 2 ul of
ligation mix. The positive clones were selected, verified by electro-
phoresis pattern, and labeled as pLKO.1-Chkl and pLKO.1-Chk2.
The validity of each construct was confirmed by sequencing analysis

(Invitrogen, Ltd., Shanghai, China).

Generation of Lentiviral Vector

According to the Lentiviral expressing system user manual,
recombinant vector stocks were produced using pLVX-puro plasmid
DNA and Lenti-XHT Packaging Mix to transfect 293T cells. The
appropriate amount of DNA was diluted in ultra-pure water and
obtained the desired transfectate. The transfectate was added to trans-
fect 293T cells and was removed after 8 hours, and the viral superna-
tants were collected 48 hours later.

Lentiviral Transduction

The GSCs were transfered into six well plates and divided into
4 groups, Chk1-shRNA group, Chk2-shRNA group, vector group and
untreated group, with two wells in each group. The GSCs were cul-
tured in 900 xL medium (contain 4 ug/uL polybrene) and 200 uL viral
supernatants. Eight hours later, culture medium was replaced with
normal medium. After 48 hours, the cells were cultured in the
medium with 2 ug/ul puromycin to select cells that have been trans-
duced with the Lenti-X lentiviruses containing Chk1-shRNA or
Chk2-shRNA. Two weeks later, the alive cells were collected and
cultured in culture flasks for cell amplification.

Real-time PCR and Western blot analyses

After transfection, the 5th generations of the GSCs were col-
lected from 4 groups for protein and RNA extraction. Protein con-
centrations were determined using the BCA protein assay systems
(Beyotime Biotech., Haimen, Jiangsu, China), the expressions of
Chkl and Chk2 were detected by Western blot. Chkl and Chk2
mRNA were detected according to the manufacturer’s instruction.
The primers for Chkl and Chk2 were 5'-ATG CTC GCT GGA GAA
TTGC-3" (forward) and 5'-ATA AGG AAA GAC CTG TGCGG-
3'(reverse), and 5'-GCG CCT GAA GTT CTT GTTTC-3' (forward)
and 5-GCC TTT GGA TCC ACT ACCAA-3' (reverse). GAPDH
was used as the internal standard in real-time PCR system. The prim-
ers for GAPDH were 5-ACG GAT TTG GTC GTA TTGGG-3' (for-
ward) and 5'-TGA TTT TGG AGG GAT GTCGC-3' (reverse). The
results of real-time PCR were analyzed by the AACt method. Each
experiment was repeated three times.

Irradiation and Cell Flow Cytometry

The GSCs were divided into six groups: untransfected group,
irradiation group, Chk1-shRNA group, Chk2-shRNA group, irradia-
tion Chk1-shRNA group and irradiation Chk2-shRNA group. An
X-ray generator (GE Co., Phil phil DE, CT, USA) was used, and cells
were irradiated at room temperature. X-ray-irradiation was per-
formed as single exposure with a dose of 8 Gy. After 48 hours, the
apoptosis and cell cycle were analyzed with Flow Cytometry (Becton
Dickinson Co., Franklin Lakes, NJ, USA). For apoptosis, the cells
were harvested, washed with pre-chilled PBS (4°C) and adjusted to 1
% 10° cells/ml. The cell suspension (100 ul) was centrifuged at 1,000
x g for 5 min. And then, the supernatant was discarded, the pellet
was re-suspended gently in 195 x4l Annexin V-FITC binding buffer
and incubated with 5 xl Annexin V-FITC in the dark at ambient tem-
perature for 10 min. Cells were then centrifuged at 1,000 x g for 5
min, and the pellet was re-suspended in 190 pl binding buffer. Cells
were then incubated with 10 xl PI solution (1 x«g/ml) on an ice bath in
the dark. The suspension of each group was analyzed with Flow
Cytometry. For cell cycle analysis with Flow Cytometry, the cells
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were collected into 5 x 10° cell suspension, centrifuged at 900 rpm,
and then were fixed in 75% ice ethanol overnight. After washing with
1 x PBS twice, 500 yul PI (1 pg/ml) was added to the fixed cells, and
incubated for 20 min at room temperature. Each experiment was
repeated three times.

Statistical Analysis

Statistical analyses were performed using statistical software
SPSS 13.0 (SPSS Inc., USA). Data are expressed as x £s. Student T’
test and variance analysis were used in this study. P < 0.05 was con-
sidered as a statistical significant difference.

Results

Identification of the GSCs

The GSCs used in our study were gifted from Prof.
Wan Feng. In a preliminary study, Campos collaborating
with Wan Feng and other researchers identified the GSCs
and found these cells display classical stem cell features
(Campos et al. 2010). We obtained the GSCs used in their
study and also identified stem cell properties in this cell line
in our lab. As shown in Fig. 1, the GSCs not only express a
stem cell marker (CD133) but also reliably form neuro-
spheres and tumors that recapitulate pathological features
of human glioblastoma cell xenografts. These results indi-
cate that the GSCs in our study still retain stem cell fea-
tures.

Chkl or Chk2 Knockdown in GSCs with Chkl-shRNA or
Chk2-shRNA

The plasmids of pLKO.1-Chkl and pLKO.1-Chk2
were packed into lentiviral vectors, respectively. The GSCs
were infected by the lentivirus and stable transductants
were selected based on puromycin resistance. 5 days later,
the stably transfected Chk1-shRNA and Chk2-shRNA cells
showed regular growth (Fig. 2A). Real-time PCR was used
to detect the mRNA expression of Chkl and Chk2. The
expression efficient of Chkl from the Chkl-shRNA cells
was 0.263, the expression efficient of Chk2 from the Chk2-
shRNA cells was 0.149, and the inhibition efficiency were
73.74% and 85.12% respectively (Fig. 2B). The protein
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expression levels of Chkl and Chk2 were detected by west-
ern blot. The Chkl or Chk2 was significantly down-regu-
lated in stably transfected Chkl-shRNA cells or Chk2-
shRNA cells (Fig. 2C).

Chkl Knockdown Facilitates Robust Radiation-induced
Apoptosis of GSCs.

The GSCs were divided into four groups: untreated
group, irradiated GSCs (IR) group, irradiated Chk1-shRNA
cells, and irradiated Chk2-shRNA cells. GSCs received
irradiation at a dose of 8 Gy. After 48-hour incubation, the
cell cycle and the apoptosis were analyzed with Flow
Cytometry. As shown in Figs. 3, 4 and Table 1, after radia-
tion, 60.20 + 1.28% of GSCs (IR group) displayed G2/M
cell cycle arrest and 17.82 + 0.38% displayed apoptosis,
while only 22.37 + 2.01% of the irradiated Chkl-shRNA
cells were arrested at G2/M phase and 37.87 + 0.32% dis-
played apoptosis. Compared with untreated GSCs without
radiation (23.77 £ 2.31%), the Chk1-shRNA cells showed
no significant difference in the degree of G2/M cell cycle
arrest (p > 0.05), indicating that Chkl knockdown abro-
gates the radiation-induced G2/M cell cycle arrest in GSCs.
In addition, apoptosis and cell cycle analysis showed no
significant difference between Chk2-shRNA cells and GSCs
after radiation.

Discussion

Radiation therapy has been employed to treat glioblas-
toma for many years. However, it has failed to show satis-
factory efficacy in clinical practice (Narayana et al. 2012).
Potential reason for the inefficacy is the occurence of radio-
resistance in glioblastoma stem-like cells (Piccirillo and
Vescovi 2007; Xie and Chin. 2008). The occurrence of
radioresistance, reflected as a diminished susceptibility of
the irradiated cells to undergo apoptosis, is a multilateral
process regulated by many different factors. Among these
factors, in particular, DNA damage repair ability and the
cell cycle regulators appear to be a serious hurdle.
Radiation to the tumor cells activates multiple DNA dam-
age cell cycle checkpoints (G1, S, G2/M) and then arrests

Fig. 1. The stem-like cell features of GSCs used in the present study.
A: The microscopic view of the neurosphere; B: The immunofluorescence shows that the GSCs carry the CD133 sur-
face marker of stem cells; C: The overall view of mouse brain bearing tumor, 8 weeks after xenotransplantation of 10*

GSCs. D: The HE staining of mouse brain bearing tumor.
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Fig. 2. Knockdown of Chk1 or Chk2 expression by shRNA in GSCs.
A: The microscopic view of cells before and after adding puromycin. Shown are untransfected cells before (A1) and
after adding puromycin (A2); Chk1-shRNA cells before (B1) and after adding puromycin (B2); and Chk2-shRNA cells
before (C1) and after adding puromycin (C2). B: The relative expression level of Chkl or Chk2 mRNA was significant-
ly down-regulated in knockdown groups, *p < 0.05 compared to control and vector groups. There was no significant
difference in control group and vector group. The bar represents standard deviation. C: The Chkl or Chk2 protein
expression in different groups of GSCs: C stands for control group, V for vector group, 1 for Chk1-shRNA group, and 2
for Chk2-shRNA group. The bar graphs show the quantitative densitometric analysis of the protein amount of Chk1 or
Chk2 normalized to S-actin (p < 0.05 compared to other three groups). Chkl was knocked down efficiently in GSCs
by shRNA transfection. The bar represents standard deviation. Data are one representative of 3 independent experi-

ments.
the impaired cells in the corresponding DNA repair points, 2007). Although, to some extent, the activation of DNA
which in turn promotes the impaired cells to escape apopto- damage cell cycle checkpoints is self-protective, it indeed
sis, finally leading to the occurrence of the tumor (Li et al. contributes to tumor recurrence, even in patients received

2001; Herman-Antosiewicz et al. 2007; Zachos, et al. gross resection plus post-operative radiotherapy and che-
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Fig. 3. Effect of Chkl or Chk2 knockdown on the apoptosis of GSCs.
A: Annexin V-FITC assay revealed Chk1 knockdown increased apoptotic rate of GSCs after irradiation (8 Gy). B: The
percentage of apoptotic cells. The apoptosis rates were 37.87 + 0.32% in Chk1-shRNA + IR, 18.29 + 0.19% in Chk2-
shRNA + IR, and 17.82 + 0.38% in IR group. Note the significant increase in apoptosis rate in Chk1-shRNA cells after
irradiation (¥p < 0.05 compared to other groups). The bar represents standard deviation. Data are one representative of
three independent experiments.

motherapy.
Besides aforementioned, due to their comparably
higher cell cycle checkpoints activity, the GSCs display

higher radioresistance than other tumor cells and can sur-
vive during the radiation therapy, thereby promoting the
tumor recurrence (McCord et al. 2009; Narayana et al.
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After Chkl or Chk2 knockdown, each group of GSCs was treated with irradiation (8 Gy). After incubation for 24
hours, they were stained with propidium iodide and analyzed by flow cytometry to determine the cell-cycle distribution.
The proportion of cells in G2/M phase was significantly increased in IR and Chk2-shRNA + IR groups. On the contrast,
Chk1-shRNA + IR group did not show robust cell cycle arrest in G2/M phase. Data are one representative of three
independent experiments. G1, S, and G2/M phases were indicated in each panel. The ordinate denotes cell counts and

the abscissa represents DNA content.

Table 1. Cell cycle in each group after radiation (48 hour later).

Groups G1 (%) S (%) G2/M (%) apoptosis (%)
Untreated 47.09 = 1.44 28.09 £2.10 23.77 +£2.31 4.51+£0.79
IR 25.13+2.36 9.39+£1.47 60.20 = 1.28 17.82£0.38
Chk1-shRNA + IR 55.24+£1.34 19.06 = 1.38 22.37+£2.01%* 37.87 +0.32*
Chk2-shRNA + IR 30.59 £2.46 8.29+0.98 58.08 £1.37 18.29£0.19

Note that the number of cells in G2/M phase was significantly decreased in Chk1-shRNA + IR group (¥p <
0.05, compared with IR and Chk2-shRNA + IR groups). The apoptosis rate was significantly increased in Chk1-
shRNA + IR group (p < 0.05, compared with IR, Chk2-shRNA + IR and Untreated groups). Data shown are
means * s.D. of three independent experiments. IR stands for irradiation.

2012). Furthermore, the GSCs contribute to glioma radio-
resistance through preferential activation of the DNA dam-
age checkpoint response and increasing DNA repair capac-
ity (Bao et al. 2006). Based on these reasons, we
hypothesized that increasing radiation sensitivity of GSCs

might improve the curative effect of malignant glioma.
Because the cell cycle checkpoint pathways have been
shown to play a vital role in the development of radioresis-
tance in tumor cells (McCord et al. 2009; Narayana et al.
2012), in this study, we explored the role of knockdown
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strategy targeting the cell cycle checkpoint pathways in
glioblastoma radiotherapy.

Chkl and Chk2, two numbers of serine/threonine
kinase of family, are key regulators in the DNA damage
response (Zhou et al. 2003; Kastan and Bartek 2004). Chkl
and Chk2 have been shown to be involved in multiple
checkpoint pathways, including the S phase and G2/M
phase regulating pathway (Zhou and Bartek 2004; Wang et
al. 2004). In addition, Chkl and Chk2 may be associated
with the occurrence of glioma (Sancer et al. 2004).
Moreover, previous studies reported that loss of Chkl sen-
sitizes tumor cells to many anticancer agents (Wang et al.
2004; Sidi et al. 2008; Monica et al. 2008; Morgan et al.
2010). All these above mentioned suggest the key role of
Chkl1 and Chk2 enzymes in the cell cycle checkpoints acti-
vation, which in turn promotes the DNA damage repairing
(Bao et al. 2006), thereby preventing the cells from radia-
tion and chemical therapy associated death. Based on these
reasons, we speculated that the therapy targeting Chkl or
Chk2 might be a novel way to interfere the cell cycle
checkpoint pathway, which in turn improve sensitivity of
radiotherapy and chemotherapy.

In this study, the apoptosis of GSCs was set as the
radiosensitivity parameter (McMillan et al. 2001). Further-
more, lentiviral Chkl or Chk2 shRNA transfection can
knockdown the expression of Chkl or Chk2 mRNA. In
addition, the Chk1-shRNA cells displayed elevated apopto-
sis rate and lower rate of G2/M cell cycle arrest, whereas
the apoptosis and cell cycle analysis failed to find signifi-
cant difference between Chk2-shRNA GSCs and normal
GSCs. Our results are in line with previous studies, which
have reported that Chkl plays a key regulatory role in the
G2/M DNA damage checkpoint (Zachos et al. 2005; Zachos
et al. 2007). Besides Chkl, Chk2 has also been shown to
be involved in the DNA damage signal transduction of the
G1 and G2/M checkpoints, which is varied from Chk1 (Ahn
et al. 2003; Varmark et al. 2010). Our study showed that
knockdown of Chk2 does not sensitize cells to anticancer
radiation, which is consistent with previous studies
(Carrassa et al. 2004). In order to further explore the under-
lying mechanisms, we have done relative mechanistic stud-
ies and found that shRNA transfection of Chkl but not
Chk2 abolishes the radioresistance via the G2 arrest, sensi-
tizing the GSCs to apoptosis following radiation. We also
have tried to knock down Chk1 and Chk2 in GSCs by lenti-
virus transfection, however, when we knocked down the
Chkl and Chk2 in GSCs simultaneously, the cells did not
proliferate and almost all the cells were eventually dead.
So we had to abandon this strategy to deplete Chkl and
Chk2 simultaneously in our study. The failure of this strat-
egy may be due to our skills, oligonucleotides and reagents
of the lentivirus transfection system or to the nature of cell
line itself.

In this study, our results indicate that Chk1 knockdown
may improve the sensitivity of GSCs in radiotherapy via
attenuating DNA damage checkpoint and increasing cell

apoptosis, suggesting that Chkl may be a novel target in
glioblastoma treatment. There is an inherent limitation of
our experimental results, as apoptosis is not the only form
of cell death, it is possible that siRNA-Chk1 and/or 2 may
sensitize cells to IR or chemical therapy via promoting
other modes of cell death but not apoptosis, such as necro-
sis. In addition, because Chk2 was only partially decreased
in our study, our studies can not exclude the possibility that
fully Chk2 inhibition may also exert radiosensitizing effect.
However, recent evidence suggested that inhibition of Chk2
did not produce sensitization and depletion of Chk2 or
Chk2 siRNA did not increase the radiosensitization
(Morgan et al. 2010). Taken together, these aforementioned
suggest that it is the inhibition of Chkl but not Chk2 that
increases the radiosensitization in GSCs. Due to the com-
plex biological properties of chemical and/or radio resis-
tance, further studies are highly warranted.
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