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Abstract

Objective Glioma stem cells (GSCs) are regarded as the
root of glioma growth and recurrence. Chemoresistance is
one of the characteristics of GSCs that increases the diffi-
culties in eradicating the cells by anticancer drugs.

Purpose The objective of this study is to investigate the
correlation between expression of the tumor suppressor
gene TAp73 and the chemoresistance of human GSCs.
Methods MTT and tumor sphere formation assays were
used to analyze the chemoresistance phenotype of GSCs
derived from primary human glioma specimens under cis-
platin exposure. Reverse transcription real-time PCR was
applied for assaying mRNA levels of TAp73. Protein levels
of TAp73, p21, Bax, and cleared caspase 3 were assayed by
western blot. Cell apoptosis was analyzed by flow cytome-
try after the annexin V fluorescence staining.

Results  GSCs exhibited increased chemoresistance com-
pared to differentiated glioma cells (DGCs) derived from
the same tumor specimen. The expression of TAp73 was
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lower in GSCs and was not sensitive to cisplatin treatment
as compared to DGCs. Overexpression of TAp73 by trans-
fection increased the apoptosis of GSCs in the presence of
cisplatin and reduced the chemoresistance of GSC. TAp73
knockdown by siRNA in DGCs reduced cisplatin-induced
apoptosis and increased the resistance to cisplatin.
Conclusion These findings indicate that TAp73 silencing
is hallmark of GSC to maintain their chemoresistance phe-
notype. Thus, targeting TAp73 may provide a novel strat-
egy to eradicating GSCs.

Keywords TAp73 - Glioma stem cells -
Chemoresistance - Apoptosis

Introduction

Gliomas are the most common tumors in human brain aris-
ing from glial cells. The five-year survival for patients with
glioma is only 12—-15% despite combined therapies of sur-
gery, radiation and chemotherapy. Glioma stem cells
(GSCs) are a minor population in the tumor but are
regarded as the root of tumor origin and relapse. One of the
characteristic phenotypes of GSCs is chemoresistance [16],
which is implicated in the failure of anticancer drugs to
decrease the rate of glioma recurrence in patients.

Many anticancer drugs induce DNA damage in tumor
cells, which is mediated by p53 family proteins acting as
“guardian of the genome.” These proteins maintain the
integrity of the genome and eliminate damaged cells, in
association with changes in the expression of a number of
genes involved in cell cycle arrest and apoptosis [33]. p73
is a novel p53 family member, which resembles p53 not
only in structure but also in biological activity [14, 15]. The
amino acid sequences of p53 family members are highly
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homologous, in particular in the domains of DNA binding,
transactivation and oligomerization. p73 isoforms originate
from alternative splicing of the p73 gene and are divided
into two groups: TAp73 with N-terminal transactivation
(TA) domain and DNp73 without TA domain. The TA
domain and C-terminus determine the p73 activity in cells.
Due to its high structural and functional homology to p53,
p73 is recognized as an important target for anticancer ther-
apies aiming at selective activation of pro-apoptotic func-
tion of TAp73 in malignant cells.

In the present study, we report lower levels of TAp73
expression in GSCs derived from human primary glioblas-
tomas as compared to differentiated glioma cells (DGCs)
from the same tumor specimens, and this confers a cis-
platin-resistant phenotype to GSCs.

Materials and methods
Glioma specimens

Glioma specimens were obtained from patients in the
Department of Neurosurgery, Southwest Hospital, Third
Military Medical University, Chongqing, China, with writ-
ten consent. The tumors were classified by at least two
pathologists according to the 2007 WHO classification of
central nervous system tumors [17]. All experiments were
approved by the institutional ethics committee. None of
the patients received chemotherapy or radiotherapy before
surgery.

Isolation and identification of GSCs

Tumor tissues from human primary glioblastoma were iso-
lated and identified as previously described [29]. Briefly,
primary tumor cells were detached with trypsin (Gibco,
USA) and suspended in Dulbecco’s modified Eagle’s
medium/F12 (DMEM/F12, Hyclone, USA) supplemented
with penicillin/streptomycin (Sigma, USA), B-27 (1x,
Gibco), 20 ng/mL basic fibroblast growth factor (bFGF,
Peprotech, USA) and 20 ng/mL epidermal growth factor
(EGF, Peprotech, USA) (stem cell medium). After 24 h,
most tumor cells became adherent, with about 10% to 20%
cells floating and forming spheres. The adherent cells were
continuously cultured in DMEM containing 20% fetal calf
serum (FCS) and penicillin/streptomycin and were named
as differentiated glioma cells (DGCs). After an additional
7 days, spheres expanded in size, with 200 to 300 cells in
each sphere. The spheres then were dissociated and plated
at a density of 10 cells/well in 0.2 ml stem cell medium to
acquire secondary neurospheres. The spheres were enriched
in GSCs as measured by a CD133 immunofluorescence
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staining and flow cytometry. The spheres were dispersed
and suspended in CD133 MicroBeads for purification of
GSCs by a CD133 cell isolation kit (Miltenyi Biotec, 130-
050-801) and MACS MS columns (Miltenyi Biotec, 130-
042-201). GSCs were cultured in stem cell medium.

Immunofluorescence staining

After GSCs formed colonies containing 10-30 cells on cov-
erslips, the colonies were fixed in 4% paraformaldehyde for
10 min at room temperature and incubated with mouse anti-
body against human CD133 (1:200; Abcam, Cambridge,
UK). Secondary antibodies PE-conjugated goat anti-mouse
IgG (1:500 dilution, Beyotime institute of Biotech, China)
were added to the culture for an additional 1 h at room tem-
perature. Cell nuclei were then labeled with DAPI. The
coverslips containing differentiating cells were examined
under a laser confocal scanning microscope (Leica,
Germany).

MTT assay

In vitro chemoresistance of glioma cells to cisplatin (Sigma,
St. Louis, MO, USA) dissolved in 100% (v/v) ethanol was
measured by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tet-
razolium bromide (MTT) assay. Briefly, 100-uL aliquots of
cell suspension with a density of 1.6 x 10° viable cells/mL
were incubated with 2 pM cisplatin. After 48 h at 37°C, the
number of viable cells was measured in a spectrophotometer
at 562 nm after the addition of 10 pL MTT (5 mg/ml;
Sigma) followed by 6 h of incubation at 37°C and the subse-
quent addition of 100 pL acidified isopropanol (0.04 M
HCl-isopropanol). The percentage of viable cells cultured in
the absence of cisplatin was set as 100%.

Reverse transcription and real-time quantitative
polymerase chain reaction

RNeasy MicroKit (Qiagen, Valencia, CA, USA) was used
to isolate total RNA from tumor cells. cDNA was generated
using the Qiagen Sensiscript RT kit. TAp73 mRNA levels
were measured by real-time polymerase chain reaction
(PCR) using SYBR Green PCR Master Mix reagent
(Takara, Dalian, China) and normalized to f-actin. The
primers 5'-TGC TGT CCC TGT ATG CCT CTG -3’ and
5'-TGA TGT CAC GCA CGA TTT CC-3’ were used for
p-actin and the 5'-GGC TGC GAC GGC TGC AGA GC-3'
and 5'-GCT CAG CAG ATT GAA CTG GGC CAT G-3'
for TAp73 whose PCR products contained exon 2, 3 and
part of exon 4 [24]. The expression of cisplatin-induced
TAp73 was calculated as the fold of TAp73 mRNA level in
cisplatin-treated cells over untreated cells.
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Knockdown of TAp73 by TAp73 siRNA

DGCs were transfected by retrovirus containing blank or
TAp73 siRNA expression cassettes. The siRNA sequence
targeting TAp73 is 5'-GGA TTC CAG CAT GGA CGT
CTT-3' [13, 18, 22], which is also found within p73 exon
3. Therefore, this siRNA does not target deltaNp73. Retro-
viral vector stocks were produced by transient transfection
of Phoenix-Ampho cells with Superfect Transfection
Reagent (QIAGEN, Valencia, CA, USA) and 5 ng siRNA
expression plasmid (pRNATin-H1.4/Retro, Genscript, Pis-
cataway, NJ, USA). Virus was collected from the culture
supernatants on day 2 after transfection, and the cells were
transfected with the vectors in the presence of polybrene
at 5 pg/mL. DGCs transfected with TAp73 siRNA
(siTAp73) were selected and maintained by incubation
with 2 pg/mL puromycin and 200 ng/mL hygromycin (BD
Biosciences).

Overexpression of TAp73 in GSCs

TAp73 full cDNA (p73alpha) was cloned and amplified
with Pfu DNA polymerase (Takara) using reported primers
with introduction of 5'Xhol and 3'BglII sites. Purified PCR
product was ligated into retrovirus vector pMSCVneo
(clontech). The expression plasmids were used to transfect
293T cells with helper plasmids to produce retrovirus parti-
cles pMSCV-TAp73 (pTAp73). Virus was collected from
the culture supernatant on day 2 after transfection, and the
cells infected with retrovirus particles were cultured with
G418 to select cells expressing TAp73.

Immunoblot

Tumor cells were lysed in SDS sample buffer, sonicated
and boiled. The cell lysate was then centrifuged and elec-
trophoresed on Tris—glycine gels. Proteins were transferred
onto Immunoblotin P membranes (Millipore, Billerica,
MA, USA), which were then blocked by incubation in 3%
nonfat dry milk for 1 h at room temperature. Membranes
were then incubated with primary antibodies against
TAp73 (Imgenex, IMG-246), f-actin, Bax or p21 (Santa
Cruz Biotechnologies) overnight at 4°C. After incubation
with a horseradish peroxidase-conjugated secondary anti-
body, the protein bands were detected with Super Signal
Chemoluminescent Substrate Stable Peroxide Solution
(Pierce, Rockford, IL, USA).

Tumor microsphere formation
Growth of tumor cells in a semisolid agar was examined.

Bacto-Agar was dissolved in a 0.6% (w/v) solution in
warmed DMEM containing 10% FCS. The solution was

poured into culture plates and allowed to solidify for
15 min at room temperature. And 0.3% agar solution con-
taining 1,200 tumor cells per 100 pL was then layered over
the solidified agar. The plates were incubated in 5% CO, at
37°C in the presence of 10% FCS/DMEM for 3 weeks. The
spheres were numerated based on different sizes under
microscope.

Annexin V analysis

To assess the extent of apoptosis, siTAp73, pTAp73, mock-
transfected and wild-type (WT) tumor cells were exposed
to 2 uM cisplatin for 48 h and then were resuspended in
buffer (10 mM Hepes, pH 7.4/140 mM NaCl, 2.5 mM
CaCl,) for staining with 5 pL. annexin V fluorescein isothi-
ocyanate (BD Pharmingen) and 2.5 pg/mL propidium
iodide (PI). The cell suspension was incubated for 15 min
at room temperature and analyzed by flow cytometry.

Statistical analyses

All experiments were performed at least three times. A
computer-aided ¢ test program SPSS (version 11.0) (Graph-
Pad Software, Inc. San Diego, CA, USA) was used to deter-
mine the statistical significance of the differences between
DGCs and GSCs, and between transfected and mock cells.
P values equal to or less than 0.05 were considered as sta-
tistically significant.

Results
Isolation of GSCs from human glioblastoma specimens

In order to compare the chemoresistance of GSCs and
DGCs, we isolated glioma cells from 11 human specimens.
Primary glioma cells contained 1.42% CD133* GSCs
(Fig. 1a). In serum-free stem cell culture medium, only
GSCs and progenitor cells survived, proliferated and
formed neurospheres (Fig. 1b) in which CD133" cells
increased to 7.38% after the culture (Fig. Ic). GSCs were
further sorted by CD133 FACS and confirmed by CD133-
positive immunofluorescence staining (Fig. 1d—f). CD133*
GSCs in serum-containing medium differentiated into
GFAP-, MAP2- and O4-positive cells (data not shown),
suggesting the capacity for multi-lineage differentiation.

Correlation between chemoresistance and TAp73
silencing in GSCs

As compared to DGCs, GSCs showed increased survival

under exposure to DNA-damaging drug cisplatin (Fig. 2a).
The levels of TAp73 mRNA were markedly lower in GSCs
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Fig. 1 Isolation and identification of CD133* cells from human
gliomas. Primary glioma cells (a) from glioblastoma specimens were
cultured and the CD133* cells were detected by FACS. CD133* cells
were enriched by serum-free culture to form neurospheres (b) and
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than in DGCs (Fig. 2b). We then examined the changes in
TAp73 transcription in response to cisplatin-induced DNA
damage. Cisplatin augmented TAp73 mRNA in GSCs, but
the fold increase was lower than in DGCs (Fig. 2c). The
number of viable cells under cisplatin exposure was nega-
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tively correlated with TAp73 mRNA level and the changes
in response to cisplatin treatment in both cells (Fig. 2d, e).
GSCs exhibited a more significant negative correlation
between the original TAp73 mRNA level and its induction
by cisplatin (Fig. 2d, e).
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Fig. 3 Effects of TAp73 expression on chemoresistance of glioma
cells. The plasmids containing TAp73 siRNA (siTAp73, siTA) or
TAp73 expression cassette (pTAp73, pTA) were transfected into
DGCs or GSCs. Immunoblot of TAp73 and f-actin confirmed the
changes in TAp73 in the transfected cells, mock-transfected cells
(Mock) and wild-type cells (WT) (a). Chemoresistance of the transfec-
ted cells was assayed by MTT and expressed as the percentage of via-
ble cells with cisplatin treatment (b). Each vertical bar represents the
mean £ SD of triplicates. Asterisk indicates significantly increased or
reduced percentage of viable cells as compared to mock cells

Effect of overexpression of TAp73 in GSCs
on the chemoresistance to cisplatin

In order to more precisely study the contribution of TAp73
to chemoresistance of GSCs, we transfected GSCs or DGCs
with TAp73 gene (PTAp73) or shRNA targeting TAp73
(siTAp73). Western blot confirmed that TAp73 was down-
regulated in siTAp73 DGCs and overexpressed in pTAp73
GSCs (Fig. 3a).

Subsequently, we tested the chemoresistance of both cell
types. As shown in Fig. 3b, 56.9-73.7% DGCs transfected
with TAp73 siRNA survived the cisplatin exposure as com-
pared to 33.5-39.1% of mock-transfected cells. In addition,
the survival rate of TAp73-transfected GSCs was reduced
to 42.7-479% as compared to 68.0-76.3% shown by
mock-transfected GSCs and 71.1-77.8% of wild-type cells
(P <0.01). In a tumor sphere formation model, we found
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(P <0.05) (b). Tumor sphere formation of the cells was measured on
soft agar. DGCs (c¢) or GSCs (d) were treated with 2 uM cisplatin for
48 h and then suspended in 0.3% agar that was layered on solidified
bottom agar. The cells were grown in 5% CO, at 37°C with medium
containing 10% FCS for 3 weeks, and then the tumor spheres were
photographed under microscope. The results are expressed as the mean
(£SE, n=06) number of spheres. Asterisk indicates significantly
increased or reduced sphere numbers as compared to mock cells
(P<0.05)

that TAp73 siRNA attenuated significantly (P < 0.01) cis-
platin-induced inhibition on formation of DGC tumor
spheres as measured by the sphere numbers and size
(Fig. 3c). Overexpression of TAp73 further diminished the
capacity of GSCs to form larger (50-200 pm) spheres
under cisplatin exposure (Fig. 3d). These results confirm
that TAp73 silencing enabled GSCs to be more resistant to
cisplatin.

TAp73 silencing in GSCs reduced cisplatin-induced
apoptosis

Since the level of TAp73 expression was correlated with
the survival rate of GSCs and DGCs after cisplatin
treatment, we investigated whether TAp73 might promote
apoptosis of tumor cells induced by DNA-damaging drugs.
We found that after exposure to cisplatin, 8.3% GSCs
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Fig. 4 Effect of TAp73 on cisplatin-induced apoptosis. Apoptotic
cells were detected by annexin V surface staining and PI. Shown are
dot-plots (a) of the fluorescein isothiocyanate-conjugated annexin V
versus PI staining for DGCs and GSCs after cisplatin (2 uM, 48 h)

underwent early apoptosis (Fig. 4a, b) and 24.4% GSCs
underwent late apoptosis. The rate of both early and late
apoptosis in GSCs was significantly lower than the rate of
DGCs (15.4 and 32.0%, respectively) (Fig. 4a, b). These
results suggest that GSCs exhibited better anti-apoptosis
capacity than DGCs. TAp73 siRNA transfection in DGCs
markedly reduced the rate of early and late apoptosis under
cisplatin exposure as compared to mock-transfected cells
(P <0.01, Fig. 4a, b). In contrast, overexpression of TAp73
in GSCs significantly enhanced their early and late apopto-
sis as compared to mock-transfected cells (P <0.01,
Fig. 4a, b).

TAp73 silencing in GSCs reduced the expression
of apoptosis-related genes induced by cisplatin

Western blot showed that cisplatin increased the levels of
TAp73 in DGCs (Fig. 5a), but not in GSCs (Fig. 5b). The
results confirmed TAp73 silencing in GSCs. To evaluate
the mechanisms by which TAp73 promotes apoptosis in
DGCs and GSCs, we examined the expression of apopto-
sis-related genes. p21 is a cyclin-dependent kinase inhibitor
and regulates cellular cycle progression and apoptosis. Cis-
platin-induced expression of p21, as shown by the relative
density to untreated cells (without cisplatin) in Fig. 5a, b,
was significantly attenuated after TAp73 was depleted in
DGCs by siRNA (Fig. 5a), but was not increased after
TAp73 overexpression in GSCs (Fig. 5b). Nevertheless, the
absolute p21 level of pTAp73 cells was higher than mock
cells in the presence or absence of cisplatin. The phe-
nomenon might be due to TAp73-mediated regulation of
p21 expression. Next, we examined Bax expression, a
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Fig. 5 Expression of apoptosis-related proteins in DGC and GSC with
or without cisplatin treatment. After treatment of cisplatin, the lysates
of DGCs infected with retrovirus containing siRNA (siTAp73) target-
ing TAp73 (a) or GSCs with expression plasmid of TAp73 (pTAp73)
(b) and mock-transfected cells (Mock) were subjected to western blot
to detect TAp73, p21VAF (p21), Bax, caspase 3 (Cas3), and f-actin

pro-apoptotic gene. We found that cisplatin induced Bax
expression in mock DGCs or pTA-GSCs, which contained
high levels of TAp73, but not or slightly in mock GSCs or
TAp73 siRNA DGCs, which contained low levels of
TAp73 (Fig. 5a, b). The level of cleaved caspase 3 induced
by cisplatin treatment was increased by eightfold in
untreated DGCs (Fig. 5a), but only by twofold in cisplatin-
treated GSCs (Fig. 5b). Furthermore, the expression of
cleaved caspase 3 was reduced by TAp73 depletion in
DGCs (Fig. 5a), but was increased by the overexpression of
TAp3 in GSCs (Fig. 5b). These results suggest that TAp73
participates in DNA damage—induced expression of apop-
tosis-related genes.
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Discussion

In this study, we demonstrated that the expression of
TAp73 gene is at lower levels and is not easily induced by
DNA-damaging chemotherapeutic drug in GSCs than in
DGCs. This “TAp73 silencing” may enable GSCs to show
higher degree of chemoresistance than DGCs.

In addition to cisplatin, many genotoxic agents such as
adriamycin, taxol and etoposide have been shown to induce
accumulation of TAp73 protein in tumor cells [3, 13]. p73
including p73 isoforms, p53 and p63 form a complex net-
work to regulate the balance between pro- and anti-apopto-
sis [9]. Since the discovery of Np73, studies have
distinguished pro-apoptotic and anti-apoptotic isoforms of
p73 and found accumulation of anti-apoptotic p73 in
human tumors [8, 21, 25, 32]. Resistance to chemothera-
peutic agents involves inactivation of the pro-apoptotic
function of p73 or activation of its anti-apoptosis activity
[3, 13]. Chemotherapeutic drug—induced accumulation of
pro-apoptotic protein TAp73 may break the balance.

Abrogation of TAp73 expression and function by RNA
interference reduced chemotherapeutic agent—induced
apoptotic tumor cells and led to chemoresistance [12, 13].
Inactivation of TAp73 by a dominant negative mutant also
resulted in resistance of tumor cells to apoptosis induced by
genotoxic agents [13]. p73~/~ fibroblasts are more resistant
to genotoxic agent—induced apoptosis than cells with wild-
type p73 [13]. Therefore, TAp73 is an important compo-
nent in cell response to cytotoxic agents.

TAp73 induced by DNA-damaging drugs cooperates
with wild-type p53 to promote the expression of genes
essential for apoptosis, cell cycle arrest and DNA repair [9,
13, 23]. Induction of apoptosis by p53 requires the presence
of TAp73 [10], which in turn induces apoptosis in tumor
cells that lack functional p53 [13]. TAp73 and p53 form a
large transcriptional complex composed of p73 and/or p63
and p53 to sequester three proteins close to the promoter to
regulate the expression of apoptosis-related genes and their
products [27].

Drug-induced TAp73 accumulation has been shown to
be due to increased transcription and protein stabilization
[1, 5, 6, 30]. Interaction between p73 isoforms and p53 and/
or p63 leads to the inactivation of transactivational function
of p73 [2, 7, 19, 20, 26] by dominant negative regulation.
Following cisplatin-induced DNA damage, Chk1/Chk2
(checkpoint kinases) activate and stabilize the transcription
factor E2F1, which binds to the promoter of p73 and
enhances p73 transcriptional expression of the p73 gene
[33]. The activity of ZEB repressor (zinc finger E-box-
binding homeobox) is also involved in the regulation of p73
at transcriptional level. ZEB can bind to regulatory region
of p73 gene and attenuate the activity of the p73 promoter
in the presence of E2F1. In addition to such p73 silencing,

epigenetical alterations could also be involved in the p73
silencing. Although epigenetic alterations in p73 are rare in
human tumors, it is not known whether they exist in cancer
stem cells. Methylation in the promoter region of the p73
gene was detected in some malignant glioma cells, but not
in benign glioma cells, and p73 gene methylation was asso-
ciated with loss of its expression [28]. In fact, our prelimi-
nary data suggest that p73 gene was hypermethylated in
GSCs as compared to DGCs, which may explain its resis-
tance to regulation by genotoxic agents. It has been
reported that GSCs exhibited hypermethylation in caspase
8 promoter so that the cells expressed low levels of caspase
8 mRNA and protein [4]. However, the mechanisms by
which TAp73 in GSCs failed to respond to genotoxic drugs
require further study. DNA damage also induces several
posttranslational modifications of p73. After cisplatin acti-
vates the cellular Abelson leukemia (c-Abl) tyrosine kinase,
the SH3 domain of c-Abl kinase interacts with the p73 pro-
line-rich region. The interaction can lead to the phosphory-
lation of p73 at Tyr-99 and thereby its stabilization [1, 11,
31]. Therefore, c-Abl is involved in the regulation of p73
accumulation after cisplatin treatment. It is not clear
whether c-Abl contributes to TAp73 silence in glioma stem
cells. Regardless, increasing the expression and function of
pro-apoptotic TAp73 isoforms may prove useful in over-
coming chemoresistance in human GSCs.
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