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Abstract

Purpose Glioblastoma (GBM) is one of the most aggressive and incurable primary brain tumors. Identification of novel
therapeutic targets is an urgent priority. Programmed cell death 10 (PDCD10), a ubiquitously expressed apoptotic protein,
has shown a dual function in different types of cancers and in chemo-resistance. Recently, we reported that PDCD10 was
downregulated in human GBM. The aim of this study was to explore the function of PDCD10 in GBM cells.

Methods PDCD10 was knocked down in three GBM cell lines (U87, T98g and LN229) by lentiviral-mediated shRNA
transduction. U87 and T98g transduced cells were used for phenotype study and LN229 and T98g cells were used for apop-
tosis study. The role of PDCD10 in apoptosis and chemo-resistance was investigated after treatment with staurosporine and
temozolomide. A GBM xenograft mouse model was used to confirm the function of PDCD10 in vivo. A protein array was
performed in PDCD10-knockdown and control GBM cells.

Results Knockdown of PDCD10 in GBM cells promoted cell proliferation, adhesion, migration, invasion, and inhibited
apoptosis and caspase-3 activation. PDCD10-knockdown accelerated tumor growth and increased tumor mass by 2.1-fold
and led to a chemo-resistance of mice treated with temozolomide. Immunostaining revealed extensive Ki67-positive cells
and less activation of caspase-3 in PDCD10-knockdown tumors. The protein array demonstrated an increased release of
multiple growth factors from PDCD10-knockdown GBM cells.

Conclusions Loss of programmed cell death 10 activates tumor cells and leads to temozolomide-resistance in GBM, sug-
gesting PDCD10 as a potential target for GBM therapy.
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Introduction

Glioblastoma (GBM) is one of the most malignant primary
brain tumors in adults. The etiology and pathogenesis of
Ann-Christin Nickel, Xue-Yan Wan, Dino-Vitali Saban and GBM remains unclear. GBM shows remarkable variability
Yin-Lun Weng have contributed equally to this work. of histological features. Vascular hyper-proliferation (neo-
angiogenesis) and necrosis are essential diagnostic charac-
teristics that distinguish GBM from lower grade gliomas.
Neoplastic cells are highly migratory and can rapidly invade
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and a 5-year survival rate of less than 5% [2, 3]. Thus, char-
acterization of new therapeutic targets of GBM is important.

Programmed cell death 10 (PDCD10) originally termed
as TFARIS5 (TF-1 cell apoptosis related gene) [4] encodes
an evolutionarily conserved protein, that is widely expressed
in nearly all human tissues and various types of cells includ-
ing neuronal, glial and endothelial cells (ECs) [5]. PDCD10
is also called CCM3 because it is one of three identified
genes causing family cerebral cavernous malformation
(CCM), a common brain vascular malformation involving
aberrant angiogenesis and chronic hemorrhage [6]. Loss-
of-function mutations of PDCD10/CCM3 lead to an earlier
onset of CCM and to the most aggressive hemorrhage in
CCM among the three identified CCM genes [7]. Hence, the
vascular function of PDCD10 has been intensively studied
in the past decade. PDCDI10 is involved in vasculogenesis,
angiogenesis, vessel maturation, apoptosis and senescence,
oxidative metabolism and Golgi complex polarization [8]
and is also essential for the neuron-glial unit [9]. A variety
of signaling pathways underlying the diverse functions of
PDCDI10 are identified such as p-Akt, p38, p-Erk, VEGFR2,
STK24/25, MST4, RhoA, Dll4-Notch and SMAD [10].
More recently, loss of endothelial PDCD10 has been shown
to activate MEKK3-KLF2/4 and mTOR signaling pathways
resulting in defects of the vascular development [11] and
defective autophagy [12], respectively.

Despite its crucial roles in apoptosis, autophagy, angio-
genesis, and in regulating several tumor-related signaling
pathways, little is known about PDCDI10 in cancers. The
limited publications showed a dual function of PDCD10 in
different cancers, suggesting that its oncological function
may be cell type-specific [13—15]. Of note, PDCD10 defi-
ciency can result in a resistance to chemotherapy in colo-
rectal cancer [15] and in a higher likeliness to develop brain
meningioma [16—18]. We recently reported a significant
downregulation of PDCD10 in 85% of investigated human
primary glioblastoma, and PDCD10 expression was absent
in the majority of tumor and endothelial cells in human
GBM [19]. Along with these findings, we have identified the
crucial role of endothelial PDCD10 in promoting angiogen-
esis which in turn stimulated tumor growth in a GBM mouse
model [20]. However, the direct function of tumor cell origi-
nated PDCD10 in GBM remains unclear. The present study
attempts to address this issue after genomic modification of
PDCD10 expression in GBM tumor cells.

Materials and methods
Cell culture

U87 and LN229 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% of fetal bovine
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serum (FBS) and 1% of sodium pyruvate. T98g cells were
cultured in minimum essential medium Eagle (MEME)
supplemented with glutamine (2 mM), non-essential amino
acids (1%), sodium pyruvate (1%) and FBS (10%).

Small hairpin RNA (shRNA) knockdown of PDCD10

Knockdown of PDCD10 was achieved by using two different
lentiviral shRNA vector systems. An inducible TRIPZ lenti-
viral shRNA vector for human PDCD10 (shPDCD10:RFP,
Clone ID: V2THS_217165) and the empty vector (EV:RFP,
catalog# RHS4750) (Thermo Scientific, Schwerte, Ger-
many) were used in U87 and LN229 cells. Another lenti-
viral shRNA vector for a constitutive knockdown of human
PDCD10 (shPDCD10:GFP, catalog# TL302576) and the
empty vector (EV:GFP, Catalog# TR30021) (OriGene,
Herford, Germany) were applied to T98g cells. Lentiviruses
were produced by transfecting shPDCD10 or EV with trans-
lentiviral packaging system (Thermo Scientific, Schwerte,
Germany) in HEK293 cells according to our previously
established protocol [20]. The generated lentiviral-shP-
DCDI10 or -EV supernatants were used to perform transduc-
tion in GBM cells. In the case of inducible TRIPZ lentiviral
shRNA vector system, knockdown of PDCD10 was induced
by the culture of the transduced U87 and LN229 cells with
the media containing doxycycline (dox, 1 pg/ml) (Sigma-
Aldrich, Munich, Germany). For both vector systems, the
non-transduced cells were killed by treatment with puro-
mycin (1 ug/ml) (Sigma-Aldrich, Munich, Germany) 3 days
after transduction.

Real-time RT-PCR (RT?-PCR)

Total RNA was extracted using the innuPREP RNA mini
kit (Analytik Jena, Jena, Germany) and the cDNA was syn-
thesized using the iScript cDNA kit (Bio-Rad, Munich,
Germany) according to the manufacturer’s instructions.
Real-time PCR was performed according to our established
protocol [21]. Primer sequences are: forward 5-TGG CAG
CTG ATG ATG TAG AAG-3’ and reverse 5'-TCG TGC
CTT TTC GTT TAG GT-3' for PDCD10; forward 5'-AGC
CAC ATC GCT CAG ACA-3' and reverse 5'-GCC CAA
TAC GAC CAA ATC C-3' for reference gene GAPDH. The
relative expression of target gene was calculated by 2744
method.

Cell phenotype study

U87 and T98g cell proliferation and adhesion were measured
respectively by WST-1 assay and by crystal violet staining
according to our previous protocols [20]. For cell invasion
and migration assays, cells were first cultured in serum-free
media for 24 h in order to synchronize cell cycle thereby
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minimizing the influence of proliferation on cell invasion
and migration. Thereafter, cell invasion, scratch migration
assay, and spheroid migration assay were performed as
described previously [20].

Apoptosis induction and detection

Because apoptotic stimuli caused detachment of U87 cells
that led to an inaccurate quantification of apoptotic cells,
we replaced U87 with LN229 for apoptotic study. LN229
and T98g cells (3 % 10°) were seeded in 6-well plate. After
overnight incubation, apoptosis was induced by treatment
with 100 nM of staurosporine (STS, Sigma-Aldrich), a
well-accepted apoptosis inducer and used as positive con-
trol in the present study, or with 150 uM of TMZ (Sigma-
Aldrich), the first line drug for chemotherapy of GBM in
clinical practice, for different time periods as indicated in
individual experiments followed by the nuclear staining
with Hoechst-33258 dye. Pictures were acquired from 4
to 6 randomized fields of each well. Cells with condensed
chromatin and apoptotic bodies were counted as apoptotic
cells. Data were presented as mean of percentage of apop-
totic cells from 4 to 6 wells per group. Additionally, activa-
tion of caspase-3 after induction of apoptosis was detected
by Western blot and immunofluorescent staining using an
antibody specifically against cleaved caspase-3 (1:400, Cell
Signaling Technology, Frankfurt, Germany) and the activity
of caspase-3 was evaluated by using caspase-3 colorimetric
protease assay kit (Life Technology, Darmstadt, Germany)
according to the manufacturer’s instruction.

MTT assay

After the treatment with STS and TMZ, the viability of
LN229 and T98g cells was evaluated by MTT assay. MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bro-
mide) (5 mg/ml) (Life technology, Darmstadt, Germany)
was added to the culture and incubated for 3 h. To dissolve
the MTT formazan, 150 pl of MTT solvent (4 mM HCI,
0.1% NP40 in isopropanol) was added to each well and the
plate was incubated on an orbital shaker for 15 min at room
temperature. The absorbance was detected at 590 nm in a
plate reader.

Western blot

Total protein extraction and western blot were performed as
described previously [22]. The following antibodies were
used: PDCD10 (1:500; Abcam, Cambridge, UK); cleaved
caspase-3 (1:400) and GAPDH (1:1000; both Cell Signaling
Technology, Frankfurt, Germany). The semi-quantification
of the blots were done by using software image J software
1.50b.

Glioblastoma xenograft model and treatment

The animal experiments were performed strictly according
to the ethics contract (No. 84-02.04.2012.A348). A GBM
xenograft model was established using female nude mice
(4-6 weeks old) based on a previous protocol with modifica-
tions [20]. Briefly, 100 pl of cell suspension was prepared
with 1 million of shPDCD10-U87 or control-U87 cells.
Then the individual cell suspension was mixed with VEGF
(1000 ng/ml) (R&D Systems, Wiesbaden-Nordenstadst,
Germany), bFGF (1000 ng/ml) (R&D Systems) and 100 ul
of Matrigel (BD, Heidelberg, Germany). The mixture was
subcutaneously implanted into the flank of the nude mice
(n=8, each for control and for shPDCD10). To maintain
the stable knockdown of PDCD10 in vivo, 2 mg/ml dox
was added to the drinking water. In addition, TMZ (p.o.,
50 mg/kg, x5 days) or vehicle was administered daily to
the control (dox-) and shPDCD10 mice 7 days after implan-
tation (n=>5 for each group). Tumor size was evaluated
using a caliper measuring tumor length and width twice a
week. The volume of the tumor (VT) was calculated by the
following formula: VT =7/6 X length X width?. The xeno-
graft tumors were removed 3 weeks after implantation and
weighted before sectioning for further histological studies
and immunostaining.

Immunohistochemistry and immunofluorescent
staining

Immunohistochemistry and immunofluorescent staining
were performed according to the protocol described pre-
viously [23]. The following antibodies were used: prolif-
eration marker mouse anti-Ki67 (1:200, Zytomed, Berlin,
Germany); mouse anti-CD31 (1:40, Dako, Hamburg, Ger-
many) and rabbit anti-cleaved caspase-3 (1:400, Cell Sign-
aling Technology). The images were acquired using a fluo-
rescence microscope (Axio Imager M2, Zeiss, Oberkochen,
Germany).

Protein array

To study the underlying mechanism of PDCD10 in GBM
cells, protein array was performed using a protein array kit
(cataloge# ARY007, R&D Systems). The nitrocellulose
membrane was precoated with antibodies against 55 differ-
ent growth factors and angiogenic proteins. Two membranes
were incubated with the media collected from EV-U87 and
shPDCD10-U87 cells followed by the detection according
to manufacturer’s protocol. To optimally visualize the indi-
vidual dots, the chemiluminescence detection was done after
1 min, 5 min and 10 min exposure. The semi-quantification
of the blot dots was performed by using image J software
1.50b. The data were presented as the mean of a pair of
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duplicated dots for proteins upregulated more than 1.5-fold
in the PDCD10-knockdown group (shPDCD10) compared
to the control (EV).

Statistical analysis

Data are presented as mean + SD. Statistical analysis was
performed using the WinSTAT software. Results between
two groups were analyzed by the student 7 test. A P value
less than 0.05 was considered statistically significant.

Results

Confirmation of PDCD10 knockdown in the GBM
cells

The succesful transduction was evidenced by the expression
of red fluorescence protein in U87 (U87:RFP) and LN229
(LN229:RFP) cells or of green fluorescence protein in T98g
cells (T98g:GFP) (Fig. 1a). The knockdown of PDCD10 in
these transduced cells was confirmed at mRNA and protein
levels by RT2-PCR (P <.001) (Fig. 1b) and Western blot-
ting (Fig. 1c), respectively. Semi-quantification of the blots
indicated a reduction of PDCD10 protein expression by 63%
in U87 cells (P <.01), 57% in T98g cells (P <.01) and 62%

A shPDCD10 transduced GBM cells
U87:RFP T98g:GFP

PDCD10 protein

T98g
shPDCD10  EV

B PDCD10

C
LN229
shPDCD10

us7
EV shPDCD10 EV

—

Fig.1 Stable knockdown of PDCD10 was achieved using two dif-
ferent PDCD10-specific lentiviral shRNA vector systems and two
different empty vectors (EV). a The representative photos showed
successfully transduced cells expressing red fluorescence pro-
tein (shPDCD10:RFP, for U87 and LN229 cells) or green fluores-
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LN229:RFP

N GAPDH

in LN229 cells (P <.05) in comparison to corresponding
controls (Fig. 1c).

Knockdown of PDCD10 activated GBM cells in vitro

To investigate the consequence of PDCD10 knockdown on
GBM cell behavior, the proliferation, adhesion, invasion
and migration assays were performed in two different GBM
cell lines (U87 and T98g) in which PDCD10 was knocked
down respectively by using two different lentiviral vectors.
The WST-1 assay demonstrated a proliferation increase of
59% (P <.01) in shPDCD10-U87 and 53% (P <.001) in shP-
DCD10-T98g cells after knockdown of PDCDI10 (Fig. 2a).
The adhesion assay showed a significantly higher adhesion
ability in both shPDCD10-U87 (P <.01) and shPDCD10-
T98g cells (P <.001) compared to the corresponding con-
trols (Fig. 2b). An enhanced invasion was also observed in
PDCD10-knockdown cells. The invaded cells increased to
120% (P <.01) in shPDCD10-U87 and 127% (P <.05) in
shPDCD10-T98g cells (Fig. 2c). Furthermore, a remarkable
enhanced mobility was detected in both PDCD10 knock-
down-GBM cells by scratch assay (Fig. 2d). The increased
migration activity of shPDCD10-U87 cells (P <.01) and
shPDCD10-T98g cells (P <.001) was confirmed by spheroid
migration assay (Fig. 2e).
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cent protein (shPDCDI10:GFP, for T98g cells). b and ¢ Confirma-
tion of PDCD10 knockdown by RT2PCR (b) and Western blot (c).
*P < .05, #P < .01 and ***P < .001, compared with empty vector
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Fig.2 Knockdown of PDCD10 in GBM cells promotes proliferation (a),
adhesion (b) invasion (c¢) and migration (d and e). a Proliferation increase
of PDCD10 knockdown GBM cells. Cell proliferation was detected 24 h
after seeding cells in 96-well plate by WST-1 assay at 450 nm. b Adhe-
sion increase of PDCD10 knockdown GBM cells. Cells were seeded
in a 96-well plate precoated with matrigel. After 90 min of incubation,
cells were stained with crystal violet followed by the absorbance detec-
tion at 550 nm. ¢ Increased invasion of PDCD10 knockdown GBM cells.
U87 and T98g cells were seeded in the transwell insert precoated with
matrigel followed by the culture in serum-free medium for 24 h. Inva-
sive cells were stained by crystal violet after 24 h of incubation and the
absorbance was measured in a plate reader at 550 nm. Scale bar: 50 pm.
d and e Migration increase of PDCD10 knockdown GBM cells. Before
migration assay, cells were cultured in serum-free medium for 24 h. For
the scratch assay (d), the cells were reseed onto the 35 mm petri dishes
followed by 16 h of starvation. The photos were recorded at 10 h after
scratching. The migrated cells were counted in six fields each petri dish.
Scale bar: 200 um. For the spheroid migration assay (e), the spheroids
were photographed after 48 h of incubation. The data were presented as
the mean of the longest and shortest spheroid diameters of each spheroid.
Scale bar: 100 um. All data presented in this figure are representative of at
least three independent experiments. *P <.05, **P <.01 and ***P <.001,
compared to EV

Knockdown of PDCD10 stimulated tumor growth
in glioblastoma xenograft model

shPDCD10-U87 cells were applied in the animal study.
RT2-PCR proved a stable knockdown of PDCD10 in the
shPDCD10-U87 xenograft tumors (Fig. 3a). Under this
knockdown condition, the tumor growth rate was sig-
nificantly faster in shPDCD10-mice than in the control
mice as inspected from day 10 to 21 after implantation
(Fig. 3b). The weight of the tumor mass at day 21 after
implantation was 2.1-fold heavier in the shPDCD10 group
than that in the control group (P <.01) (Fig. 3c). H&E
staining revealed dense and orientated tumor cells on
xenograft tumor sections, similar to that seen in human
GBM (Fig. 3d). Interestingly, microvessel-like structures
that mostly contained blood cells were frequently observed
on shPDCD10 sections (arrows, H&E staining in Fig. 3d).
The immunohistochemistry photos and the quantitative
analysis showed a considerable more Ki67-positive cells
(arrowheads) on the sections from shPDCD10-tumors
than that from the control tumors (Fig. 3d) (P <.05). Fur-
thermore, many tumor cells (arrowheads, Fig. 3d) as well
as some vessel-like structures (arrows, Fig. 3d) appeared
CD31-positive exclusively in shPDCD10-sections. Quan-
titative analysis indicated a significantly higher number
of CD31-positive vessel-like structures in shPDCD10-
sections (P <.05) (Fig. 3d).

Knockdown of PDCD10 induced
apoptosis-resistance in vitro and chemo-resistance
in vivo involving inhibition of caspase-3 activation

To study the role of PDCD10 in apoptosis, shPDCD10-
and EV-transduced LN229 and T98g cells were treated
with STS and TMZ. Hoechst 33258 staining showed a 29%
(P <.01) reduction of apoptotic cells with STS and a 47%
(P <.01) reduction with TMZ for the shPDCD10-LN229
group compared with the corresponding controls (Fig. 4a).
In T98g cells, knockdown of PDCD10 (shPDCD10 group)
reduced the percentage of apoptotic cells by 52% (P <.01)
of the corresponding controls (EV) with STS and by 34%
(P<.01) with TMZ (Fig. 4a). MTT assay confirmed a sig-
nificantly higher viability of ssPDCD10-LN229 and shP-
DCD10-T98g cells in response to STS and TMZ treatment
(Fig. 4b). Caspase-3 detected by immunostaining (Fig. 4c¢),
enzyme activity assay (Fig. 4d) and western blot (Fig. 4e)
demonstrated less caspase-3 activation in shPDCD10-
LN229 and shPDCD10-T98g cells than in cells without
knockdown.

Next, we examined whether PDCD10 knockdown
affected the efficiency of chemotherapy by TMZ in vivo.
Immunofluorescent staining revealed a significant
decrease in the number of active caspase-3-positive cells
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Fig.3 Increased tumor growth in a shPDCD10-transduced human
glioblastoma xenograft. shPDCD10-transduced U87 cells were sub-
cutaneously implanted into the flank of nude mice. To maintain the
stable knockdown of PDCDI10 in vivo, 2 mg/ml doxycycline (dox)
and 1% sucrose were added to the drinking water. For the con-
trol group (Con), shPDCDI10-transduced U87 cells were cultured
in dox-free medium in vitro before implantation. The control mice
received drinking water containing no dox but 1% sucrose. The xen-
ograft tumors were removed from the mice 21 days after implanta-
tion. a PDCD10 downregulation in xenograft tumors as detected by
RTZPCR (n=3 for each group). b and ¢ PDCD10 knockdown pro-
motes tumor growth. The tumor growth curve (b) and the tumor mass
weighed at the end of the experiments (c) indicates a significantly
quicker tumor growth rate and bigger tumors in shPDCD10 mice than
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Fig.4 PDCDI10 knockdown in GBM cells reduces apoptosis in vitro
and induces a chemo-resistance in vivo involving inhibition of cas-
pase-3 activation. a PDCD10 knockdown in LN229 and T98g cells
induces apoptosis resistance in vitro. EV- and shPDCD10-transduced
GBM cells were treated with staurosporine (STS, 100 nM, 16 h) or
with temozolomide (TMZ, 150 uM, 24 h) followed by Hoechst 33258
nuclear staining. Cells with condensed chromatin and apoptotic bodies
were counted as apoptotic cells. The counting was done in six rand-
omized fields from four wells per group. Scar bar: 20 pm. b Reduced
cytotoxicity of STS and TMZ in PDCDI10 knockdown LN229 and
T98g cells. LN229 and T98g cells were treated with STS (100 nM,
72 h) and TMZ (150 pM, 72 h). Cell viability was detected by MTT
assay at 590 nm. C-E: Inhibition of caspase-3 activation in PDCD10
knockdown GBM cells. Cells were treated with STS (100 nM, 16 h)
and TMZ (150 pM, 24 h) and active (cleaved) caspase-3 (Cas-3) was
detected by immunofluorescent staining (c), enzyme activity assay
(d) and western blot (e). sh shPDCDI10. *P<.05, **P<.0l and

in shPDCD10-sections (P <.05) (Fig. 4f). As a conse-
quence, TMZ treatment resulted in only 44.8% reduction
of tumor mass in shPDCD10-mice compared to 52.1%

*##%P < .001, compared to EV; Scale bar: 20 um. F and G: PDCD10
knockdown inhibits caspase-3 activation (f) and leads to a chemo-
resistant to TMZ treatment in vivo (g). Human glioblastoma shP-
DCD10-xenograft mice and control xenograft mice (as described
in Fig. 2 legend) were treated daily with TMZ (p.o., 50 mg/kg for
5 days) or with vehicle 7 days after implantation. The tumors were
removed from the mice 21 d after implantation and the tumor mass was
weighted before sectioning. The representative photos show the activa-
tion of caspase-3 (orange color) in the control (Con) and in shPDCD10
tumor sections detected by immunofluorescence staining. Scale bar:
20 um. Quantitative analysis indicated a significant reduction of the
Cas-3-positive cells in shPDCD10-tumor than that in control tumor
(f). As a consequence, PDCD10 knockdown significantly reduced the
efficiency of chemo-therapy induced by TMZ treatment in comparison
to the control (g). n=5 for each group. * P<.05 compared to control
(Con)

in control mice, indicating that knockdown of PDCD10
led to a significant resistance to TMZ treatment (P < .05)

(Fig. 4g).
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Knockdown of PDCD10 stimulated the release
of multiple soluble factors from GBM cells

To explore the mechanism of the tumor suppressor func-
tion of PDCDI10, a protein array of 55 growth factors and
antigenic proteins was performed with the media collected
from EV-U87 and shPDCD10-U87 cultures. Each protein
was detected in duplicate. Figure 5 presents the dot-blot
images after a 5 min exposure. Semi-quantification revealed
that 19 of 55 target proteins were upregulated more than
1.5-fold in the shPDCD10 group in comparison to the EV
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Fig.5 PDCDI10 knockdown in GBM cells stimulates the release
of multiple soluble factors. A protein array was carried out with the
media from shPDCD10-U87 and EV-U87 cells. a Dot-blots on X-ray
film (5 min exposure). b Semi-quantification of the blots showed 19
upregulated proteins (> 1.5-fold of EV) among 55 detected proteins.
¢ Summary of eight proteins which were upregulated more than two-
fold in shPDCD10 cells in comparison with EV control
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control (Fig. 5b). Eight of these showed more than twofold
upregulation in the shPDCD10-blot (Fig. 5c). The most sig-
nificantly increased soluble factor released from PDCD10-
knockdown GBM cells was angiogenin (14-fold of EV), a
crucial molecule involved in cancer and angiogenesis.

Discussion

PDCD10, a ubiquitously expressed adaptor protein, plays
a pivotal role in vasculogenesis and angiogenesis [8], cell
apoptosis, autophagy, senescence [10, 12] and chemother-
apy-resistance [15]. So far, the understanding of the func-
tion and the underlying mechanism of PDCD10 is mainly
derived from the studies carried out in the endothelial vascu-
lar context [11, 22, 24] because loss-of-function mutation in
PDCD10/CCM3 causes familial CCM, one of the most com-
mon vascular malformations in the central nervous system
(CNS). However, only a few publications deal with PDCD10
in the oncological field despite its crucial role in apoptosis
and the regulation of multiple survival signaling pathways.
The co-incidence of CCM and brain tumors is very rare.
Nevertheless, the overlap of CCM with low grade astrocy-
toma [25] or with GBM [26, 27] have been shown, but these
reports did not mention the genetic alteration of CCM causal
genes including PDCD10/CCM3 in those patients. Interest-
ingly, a direct association of PDCD10/CCM3 mutation with
multiple meningiomas has recently been reported [16—18].
Our group has demonstrated the absence of PDCD10 in the
majority of endothelial and tumor cells of human GBM [19],
which is associated with the proliferation of both cell types.
Moreover, loss of endothelial PDCD10 activated GBM
tumor cells in vitro and stimulated tumor growth in vivo
[20]. Along with these findings, the present study further
explored the role of GBM cell-originated PDCD10. Here,
we report that stable knockdown of PDCDI10 activated
GBM cells in vitro (Fig. 2) and stimulated xenograft tumor
growth in vivo (Fig. 3). The present new data together with
our previously identified tumor-promoter effect via pro-
angiogenesis mediated by the loss of endothelial PDCD10
[20] suggest that absence of PDCD10 in tumor cells and in
endothelial cells may synergistically contribute to the tumor
growth and tumor infiltration in human GBM. In addition,
we noted CD31-positive cells and vessel like structures
exclusively on the sections from PDCD10-knockdown xeno-
graft tumors. Some of these microvessels contained blood
cells suggesting the formation of functional vessels after
knockdown of PDCD10 in tumor (arrows in CD31 staining;
Fig. 3d). Given the fact that the xenograft tumor is formed
by the implanted U87 cells, the presence of CD31-positive
cells in tumors raises high interest to further study whether
loss of tumor-originated PDCDI10 is involved in the tran-
sition of tumor cells to endothelial cells, thereby inducing
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tumor-angiogenesis. This may serve as an additional and
important mechanism for the neo-angiogenesis in human
GBM besides the angiogenesis induced by loss of endothe-
lial PDCD10.

The apoptotic function of PDCD10 appears context-
dependent [24, 28-30]. Moreover, the controversial data
concerning PDCD10 in different types of cancer cells has
been reported [13-15, 31]. Furthermore, increasing evi-
dence shows an altered expression of PDCD10 in response
to different chemotherapies in cancers [31-33]. MicroRNA-
425-5p regulates the chemo-resistance in colorectal cancer
cells through downregulation of PDCD10 [15]. Downregu-
lation of PDCD10 was associated with the resistance to
chemotherapy-triggered apoptosis by a gene chip analysis
[31]. We were thus interested in exploring whether PDCD10
is involved in chemo-resistance in GBM. TMZ is the first
line drug for chemotherapy of GBM in clinical practice. It
impairs DNA repair, thereby blocking cell cycle and pro-
moting apoptosis, as well as to lesser extent suppressing
autophagy and senescence [34, 35]. Regardless of its certain
benefices for the O°-methylguanine-DNA-methyltransferase
(MGMT) hypermethylated cases, GBM tumors often are
resistant to the TMZ treatment [35]. Here, we evaluate
apoptosis in vitro and the tumor growth after TMZ treat-
ment in vivo after knockdown of PDCD10 in GBM cells.
In this part of the study, apoptosis was induced by TMZ
and by STS in two different GBM cells (LN229 and T98g).
Knockdown of PDCD10 led to a significant reduction of
apoptosis in both TMZ and STS models (Fig. 4a), to an
increase in cell viability (Fig. 4b) and to an inhibition of
caspase-3 activation (Fig. 4c—e). Moreover, TMZ-treatment
reduced the tumor mass by 44.8% in PDCD10-knockdown
group (shPDCD10), and 52.1% in control group, indicating
a chemo-resistance effect induced by PDCD10 knockdown
(Fig. 4g). This chemo-resistant effect was associated with
lesser activation of caspase 3 detected in shPDCD10-tumor
sections (Fig. 4f). These new findings are in agreement
with our previous observation that selective expression of
PDCDI10 in the pseudopalisading area, a hypoxia region
in human GBM tumor, is associated with the activation of
caspase-3 and apoptosis in human GBM, whereas absence
of PDCDI10 in the infiltration area of the tumor is associ-
ated with tumor cell proliferation [19]. Taken together, our
data strongly suggest that loss of tumor-originated PDCD10
results in apoptosis-resistance which may potentially affect
the efficiency of chemotherapy targeting apoptosis in human
GBM.

To uncover the underlying mechanism leading to the
activation of GBM cells, the stimulation of tumor growth
and the reduction of apoptosis, we performed an array of
55 proteins with the media collected from shPDCD10- and
EV-U87 cells (Fig. 5a). Semi-quantification of the dot blots
demonstrated that eight proteins were increased by more

than twofold (Fig. 5c). These soluble factors all play crucial
roles in regulating tumor cell proliferation, migration and
invasion as well as angiogenesis. For example, angiogenin
(ANG), the most significantly increased soluble factor, is
a secreted growth factor and is potently angiogenic pro-
tein in comparison with most other angiogenic factors, as
it can induce blood vessel formation in different tissues at
femtomolar doses [36]. ANG is also the first known human
tumor-derived protein including GBM. ANG can directly
promote GBM tumor cell proliferation but can also con-
stantly translocate into the nuclei of tumor cells and pro-
mote cell proliferation by activating NF-xB signaling path-
way [37]. The upregulation of ANG is strongly correlated
with an invasive cancer phenotype involving the stimulation
of matrix metallopeptidase-2 (MMP2) expression through
activation of Erk1/2 [38]. The second highest upregulated
factor hepatocyte growth factor (HGF) is a ligand of receptor
tyrosine kinases mesenchymal epithelial transition (MET)
which is dysregulated in approximately 90% of GBM.
Thus, the HGF/MET pathway is a vital regulator of multi-
ple pro-survival pathways in GBM, thereby contributing to
oncogenesis and tumor. HGF autocrine activation predicts
sensitivity to MET inhibition in glioblastoma progression
[39-41]. The intrinsic feedback loop activated by HGF-
autocrine leads to amplify or promote the drivers of GBM
through various mechanisms including inducing cell cycle
progression, cell migration, invasion and angiogenesis and
inhibition of apoptosis. Endoglin, another upregulated fac-
tor, is a homodimeric cell membrane glycoprotein receptor
for transforming growth factor § and bone morphogenetic
proteins. Its expression is implicated in the development of
resistance to vascular endothelial growth factor (VEGF)-tar-
geted tumor therapy [42] and is associated with high grade
of glioma patients. Thus, endoglin is suggested as a specific
and sensitive marker for evaluation of angiogenesis in GBM
as well as a target for GBM therapy [43]. Taken together, we
believe that all these upregulated soluble factors resulting
from PDCD10 knockdown could synergistically act on the
GBM cells themselves through an autocrine manner as well
as on non-tumor cells such as endothelial cells through a
paracrine mechanism to trigger GBM cells, inhibit apoptosis
and eventually stimulate tumor growth and tumor invasion.

In conclusion, the present study demonstrated a tumor
suppressor-like function of tumor-originated PDCD10
in vitro and in vivo in GBM. Given that loss of endothe-
lial PDCD10 can also promote GBM tumor growth through
stimulating angiogenesis, we suggest that the absence of
PDCDI10 in the majority of infiltrating tumor cells and
endothelial cells in human GBM may potentially contribute
to GBM progression and chemotherapy-resistance, mostly
like through increase in secreting multiple growth factors.
Thus targeting PDCD10 may be a novel strategy to potenti-
ate other therapeutic options for GBM in the future.
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