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A B S T R A C T   

Radiation is one of the standard therapies for pediatric high-grade glioma (pHGG), of which the prognosis re
mains poor. To gain an in-depth understanding of biological consequences beyond the classic DNA damage, we 
treated 9 patient-derived orthotopic xenograft (PDOX) models, including one with DNA mismatch repair (MMR) 
deficiency, with fractionated radiations (2 Gy/day x 5 days). Extension of survival time was noted in 5 PDOX 
models (P < 0.05) accompanied by γH2AX positivity in >95 % tumor cells in tumor core and >85 % in the 
invasive foci as well as ~30 % apoptotic and mitotic catastrophic cell death. The model with DNA MMR (IC- 
1406HGG) was the most responsive to radiation with a reduction of Ki-67(+) cells. Altered metabolism, 
including mitochondria number elevation, COX IV activation and reactive oxygen species accumulation, were 
detected together with the enrichment of CD133+ tumor cells. The latter was caused by the entry of quiescent G0 
cells into cell cycle and the activation of self-renewal (SOX2 and BMI1) and epithelial mesenchymal transition 
(fibronectin) genes. These novel insights about the cellular and molecular mechanisms of fractionated radiation 
in vivo should support the development of new radio-sensitizing therapies.  

Abbreviations: pHGG, pediatric glioblastoma multiforme; IC, intracerebral; SCID, severe complex immunodeficiency; CSC, cancer stem cell; MT, mitochondria; 
ROS, reactive oxygen species; MMR, mismatch repair. 
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Introduction 

Pediatric high-grade glioma (pHGG), previously termed as glioblas
toma (GBM), is one of the most lethal brain malignancies that occurs in 
children with a 3-year survival of less than 20 % [1–4]. Diffuse invasion 
invariably impedes a curative tumor resection. However, the develop
ment of resistance to radiation, the most important standard therapy 
administered to nearly all pHGG patients, is one of the main causes of 
tumor recurrence ([5,6]). Improved understanding of the molecular 
mechanisms of radio-resistance of pHGG is needed, particularly in vivo 
and after treatment with clinically relevant fractionated radiation. 

Genomic DNA has long been recognized as the prime subcellular 
target of radiation therapy, and DNA damage repair represents one of 
the major mechanisms of tumor cell survival [7–9]. For pHGGs, how
ever, there are still several fundamental questions that remain to be 
answered. First, does radiation cause identical DNA damages in both 
tumor core and in invasive cells? Invasive cells are often surrounded by 
normal brain cells in a microenvironment that is different from the 
tumor core area. Secondly, are there additional mechanisms supporting 
the survival of irradiated pHGG cells? If pHGG cells have additional 
survival mechanisms, simple suppression of DNA repair may have 
limited efficacy because these tumor cells will adopt alternative mech
anisms to overcome cell death. Indeed, emerging data suggest that 
mitochondria, the primary source of energy supply and key player in 
multiple cell death pathways [10], might be involved in 
radio-resistance. Since mitochondrial biogenesis and oxidative meta
bolism can be stimulated in response to pathological stress [11], we 
hypothesize that radiation would trigger mitochondrial biogenesis in 
vivo to promote tumor cell survival. 

There is compelling evidence that cancer stem cells (CSCs) 
contribute to radiation resistance [12]. Many solid cancers are orga
nized hierarchically and contain a small population of CSCs that possess 
strong self-renewal and multi-differentiation capacities. Several key 
self-renewal regulators, including SOX2 and BMI1 that are highly 
expressed in pHGG tumors ([13,14]), and genes involved in 
epithelial-mesenchymal transition (EMT) [10] are shown to mediate 
radio-resistance in human cancers [11]. Enhanced DNA repair capacity 
has been detected in adult GBM stem cells, and fractionated radio
therapy was also found to enrich CSCs in breast tumor [15]. However, 
the cause of post-radiation CSC enrichment remains poorly elucidated. 
While quiescent (G0 phase) CSC subpopulation is thought to be resistant 
to radiation [16], the impact of radiation on the fate of quiescent CSCs 
has not been fully investigated. 

Microenvironment plays an important role in regulating radiosensi
tivity of human cancers [17]. Through direct injection of fresh surgical 
specimens into anatomically matched locations in the brains of SCID 
mice, we have established a panel of patient-derived orthotopic xeno
graft (PDOX) mouse models for pediatric brain tumors [18–20]. These 
xenograft tumors replicated the histopathological phenotypes, main
tained major genetic abnormalities [20], preserved CSC pool, and 
reproduced the diffuse invasive growth patterns of the original patient 
tumors. One of the newly established glioma models was derived from a 

patient with Turcot’s syndrome with confirmed mutation of PMS2, a 
gene involved in DNA mismatch repair (MMR) ([21,22]). Herein, we 
described our in vivo examination of therapy efficacy of fractionated 
radiations in a panel of 9 PDOX models and our effort to understand 
radio-resistance mechanisms of pHGGs by employing clinically relevant 
fractionated radiation treatment. To estimate the contributions of DNA 
repair on radiation resistance and the role of mitochondrial biogenesis, 
we compared the biological responses of a DNA MMR deficient model 
(IC-1406pHGG) with that of a DNA repair competent model 
(IC-2305pHGG). The impact of radiation on putative CSCs, particularly 
on the quiescent CD133+ tumor cells, were subsequently analyzed with 
key genes of self-renewal and EMT in vivo in two additional PDOX 
models. 

Materials and methods 

Tumor tissues 

Fresh tumor tissues were obtained from 9 children who underwent 
craniotomy in Texas Children’s Hospital (Table 1) following informed 
consent to an Institutional Review Board (IRB) of Baylor College of 
Medicine approved tissue bank protocol ([18,19]). Tumor tissues 
collected from the cryostat laboratory were quickly transferred in 
DMEM growth medium supplemented with 10 % FBS on ice to the tissue 
culture room, where they were washed and mechanically dispersed. 
After the cell suspension was passed through a 35 μ cell strainer, the live 
tumor cells as single cells and small clumps (~5–10 cells) were counted 
with trypan blue staining, resuspended in growth medium (1×108/mL), 
and transferred to animal facility on ice. 

Orthotopic transplantation into the brains of SCID mice 

Surgical transplantation of tumor cells into mouse cerebrum was 
performed as we described previously ([18,19]), following the Institu
tional Animal Care and Use Committee (IACUC) approved protocol at 
Baylor College of Medicine and Northwestern University. Two strains of 
SCID mice were used. The Rag2/SCID mice that have exhibited high 
tumor take rate (> 55 %) in our previous studies were used for the initial 
establishment of xenografts. For the in vivo treatment with radiation, the 
NOD.129S7 (B6)-Rag1tm1Mom/J (stock number 003729) SCID mice 
(Jackson Lab, Bar Harbor, Maine), which can tolerate radiation ([23, 
24]), were adopted. These mice were bred and maintained in a specific 
pathogen free animal facility. Mice, aged 6–8 weeks of both sex, were 
anesthetized with sodium pentobarbital (50 mg/Kg). Tumor cells 
(1×105) were suspended in 2 µL of culture medium and injected into the 
cerebral hemisphere (1 mm to the right of the midline, 1.5 mm anterior 
to the lambdoid suture and 3 mm deep) via a 10 µL 26-gauge Hamilton 
Gastight 1701 syringe needle. Animals were monitored daily and those 
that developed signs of neurological deficit or became moribund were 
euthanized and had their brains removed for histopathological analysis 
or tumors harvested for in vivo subtransplantation. To perform serial 
subtransplantations in mouse brain, whole brains of the donor mice 

Table 1 
List of PDOX mouse models of pediatric high-grade glioma.  

MODEL ID AGE/GENDER PASSAGE IN VIVO MOLECULAR SUBTYPE GFAP P53 KI-67 MUTATION 

IC-1406HGG 5 Y/F 8 UNCLEAR + +4 4 PMS2(S46I) (TURCOT’S SYNDROME) 
IC-2305HGG 9 y/M 6 G34 + +3 4 TP53, H3F3A(G35R), ATRX 
IC-3752HGG 5 y/F 8 MYCN +++ NA NA WNT6, STAT1, ERCC8, DDX46 
IC-1128HGG 8.7 y/M 8 MYCN +++ + NA R342X, PIK3CA, TP73, TP53, RB1, NF1 
IC-10993HGG 11 y/M 4 pedRTKIa NA 
IC-2583HGG NA 4 pedRTK1a NA 
IC-3704HGG 12 y/M 6 pedRTKIII +++ + 2 SYFU, PR3R1 
IC-8100HGG 14 y/M 4 DMG_K27 NA 

Note: Intensity of staining: +: weak; ++: moderate; +++: strong; Percentage: 1=<25 %, 2=25–50 %, 3=50–75 %, 4=>75 % MYCN: V-myc myelocytomatosis viral- 
related oncogene. G34: glycine 34 to either arginine, G34R, or valine, G34V. RTK III: termed receptor tyrosine kinase III. RTK Ia: termed receptor tyrosine kinase Ia. 
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were aseptically removed and transferred back to tissue culture labo
ratory where the tumors were dissected out of the surrounding normal 
brain tissues and made into single cell suspensions. Tumor cells were 
then counted and injected (1×105 cells/mouse) into the brains of the 
recipient SCID mice ([18,19,25]). 

PMS2 sequence analysis 

ST-1406HGG was derived from a child with Turcot’s syndrome 
carrying a c.137G>T (p.S46I) mutation in PMS2 gene. Targeted 
sequence analysis for this mutation in xenograft tumor of IC-1406HGG 
was performed by the Medical Genetics Laboratories at Baylor College 

of Medicine. Briefly, genomic DNA was extracted with DNeasy (Qiagen). 
A PCR-based assay was used to amplify the exon in which the familial 
mutation is located. The amplified product was sequenced in both the 
forward and reverse directions using automated fluorescence dideoxy 
sequencing methods. Reference sequences NM_000535.5 and 
NG_008466.1 were used for sequence comparison. 

Fractionated irradiation of pre-established orthotopic xenograft tumor 

Radiation (118 cGy/min) was administered with RS-2000 Biological 
irradiator (Rad Source Technologies, Alpharetta, GA). X-Rays were 
delivered to the xenograft tumors with a custom-made lead shield 

Fig. 1. In vivo treatment of PDOX models of pHGG with fractionated radiotherapy. (A) Experiment design of the study. Tumor cells (1×105 cells/2 µL) were 
implanted into right cerebral cortex of SCID mice. Fractionated radiation (2 Gy/day x 5 days) was administered 14 days and ~5 weeks post tumor implantation for 
survival analysis and for biological examination, respectively. (B) Log rank analysis of animal survival times in 6 pHGG models. There were at least 10 mice for each 
control and radiation therapy (XRT) group. The model marked with * were selected in this research for further biological verify and analysis. 
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Fig. 2. In vivo responses of pHGG tumor cells toward fractionated radiation. (A) Representative images showing the detection of tumor cells with double strand 
breaks and apoptosis with immunohistochemical staining of γH2AX (green arrows) (left panel) and cleaved caspase-3 (green arrows) (right panel), respectively (Bar =
50 µm). Positive cells were counted from at least 5 microscopic fields (10×40) in the tumor core (Core) or in at least 8 invasive foci (INV) (5–30 cells), and represent 
as Mean ± SE in the graphs (lower panel), ** P < 0.01; * P < 0.05, compared with the untreated control group. (B) Representative images of H&E staining showing 
increased volume of cancer cells, cavity formation, nuclear heterogeneity, cell degeneration, cytoplasm dyeing change could be seen (a–d) and sings of mitotic 
catastrophe (green arrows and circles) (c–f) in vivo in xenograft tumors treated with or without radiation (2 Gy daily for 5 days). Quantitative data were graphed. (C) 
Changes of cell proliferation as detected by immunostaining of Ki-67 (red arrows) (bar = 50 µm). Mitotic catastrophe and Ki-67 positive cells were counted in at least 
5 microscopic fields (10×40) (Mean ± SE), ** P < 0.01; *P < 0.05, compared with control group. Magnification, 10×40: a–d;10×100: e and f. 
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through a specially designed hole that is ~2 mm bigger (in diameter) 
than the intra-cerebral xenograft tumors ([23,24]). Mice in the radiation 
groups were irradiated 2 Gy daily over 5 consecutive days. The rest of 
animal body was protected by the lead shield. 

Immunohistochemical staining 

Immunostaining was performed on paraffin sections using a Vec
tastain Elite Kit (Vector Laboratories) as described previously ([18,19, 
24,25]). Primary antibodies included monoclonal antibodies against 
γ-H2AX (1:100; Cell Signaling), Ki-67 (1:100; Santa Cruz), cleaved 
caspase-3(1:100; Cell signaling), human mitochondria (MT) (1:50; 
Abcam), COX IV (1:2000; Cell signaling), BMI1 (1:100, Upstate Cell 
Signaling Solutions), SOX2 (1:100, Cell Signaling), Fibronectin (1:150, 
BD Bioscience) and Vimentin (1:200, Dako). The information recorded 
included the intensity of staining (graded 0, negative; +, weak; ++, 
moderate; and +++, strong) and the percentage of positive cells (0–100 
%). Quantitation of positive cells in the tumor core area was performed 
on digital images using ImageJ, and in the invasive cells through direct 
count of positive cells in at least 8 micro-invasive foci (5–30 cells). 

Flow cytometric analysis of cell surface marker 

Xenograft cells (1×106) were incubated with fluorochrome- 
conjugated antibodies for 15–30 min at 4 ◦C in 100 µL of Hanks’ 
balanced saline solution (HBSS) containing 2 % FBS and 5–20 µL of each 
undiluted antibody as we described previously [26–30]. After washing 
three times in HBSS, cells were suspended in HBSS supplemented with 5 
% FBS and subsequently analyzed with a LSR II (Becton Dickinson). The 
following antibodies were used: CD133-APC (1:10, Milteny Bio, Inc., 
Auburn, CA). 

Flow cytometric analysis of quiescent (G0) and proliferating cells 

Xenograft tumor cells were resuspended in 1 ml DMEM with 100 µM 
Verapamil (Sigma) and incubation with 10 ug/ml Hoechst33342 
(Sigma) at 37 ◦C for 45 min to stain DNA, followed by incubation with 
0.5 mg/mL Pyronin Y to stain RNA, and analyzed with flow cytometer 
LSRII. Cell cycle was determined by the combined intensity of DNA and 
RNA, i.e. G0 (RNAlow/DNA2n), G1 (RNAhigh/DNA2n), S (RNAhigh/DNA2n- 

4n), G2/M (RNAhigh/DNA4n). 

Flow cytometric analysis of intracellular reactive oxygen species (ROS) 

To determine the ROS levels, xenograft cells were incubated with 5 
µM 2’-7’-Dichlorodihydrofluorescein diacetate DCF-DA (Invitrogen) at 
37 ◦C for 30 min and analyzed with flow cytometry using LSRII (Becton- 
Dickinson). Dead cells were gated out through PI staining. 

Statistical analysis 

Data were presented in graphical form as the mean ± SD or mean ±
SE. Changes of animal survival times were analyzed through log-rank 
analysis. Differences of DNA damage (γH2AX), mitotic catastrophe, 
cell proliferation (Ki-67 positivity), cell apoptosis (cleaved caspase-3 
positivity) between the radiation–treated and control groups were 
analyzed using student t test or one way ANOVA using Sigmaplot 14 
([24,30,31]). Significance was assessed at P < 0.05. 

Results 

In vivo therapeutic efficacy of fractionated radiation 

To examine the feasibility of administering clinically relevant radi
ation therapy, evaluate its efficacy and correlate with overall responses 
in pHGG patients, SCID mice bearing pre-established orthotopic 

xenograft tumors at passage III (n = 10 per group) were treated with 
radiation at 2 Gy per day for 5 consecutive days, a regime that closely 
resembles clinical practice [32]. A total of 9 PDOX models were included 
(Table 1), many of them have been previously characterized and 
involved in biological studies and preclinical drug testing ([18,24,28,33, 
34]). Compared with the untreated control, fractionated radiation pro
longed the median survival time in 5/9 PDOX models (P < 0.05) with 
the DNA mismatch repair (MMR) deficiency model IC-1406HGG, which 
bears a c.137G>T (p.S46I) mutation in PMS2 gene that was originally 
detected in the patient tumor, as the most responsive (P < 0.001, 
Fig. 1A,B). The animal survival times were extended ~ 10 %. These data 
showed inter-tumoral heterogeneities toward fractionated radiation in 
pHGG PDOX models and overall similar efficacy to pHGG patients in 
clinic. 

Fractionated radiation caused wide-spread DNA damage in vivo in pHGG 
cells 

DNA is the primary target for cell damage following ionizing radia
tion [8]. To examine the role of DNA damage and repair in 
radiation-induced cell-killing in vivo and to assess the activity of frac
tionated radiation, we selected two PDOX models with (IC-1046HGG) 
and without (IC-2305HGG) DNA MMR deficiency. We treated animals 
with preformed orthotopic xenograft tumors (~ 8–10 mm in diameter) 
approximately 5 weeks post tumor implantation (Fig. 1A) with frac
tionated radiation at 2 Gy daily dose for 5 days [32]. At the end of 
treatment, DNA damage was evaluated through immunohistochemical 
staining of phosphorylated histone H2AX (γH2AX), which selectively 
accumulates in double strand breaks ([35,36]), on paraffin sections of 
whole mouse brains. As show in Fig. 2A, γH2AX expression was signif
icantly increased in the core areas of radiation treated xenograft tumors 
and nearly all tumor cells (>98 %) were stained low to medium (+ ~ 
++) in IC-2305HGG, and medium to high (++ ~+++) in the DNA MMR 
deficient IC-1406HGG, indicating that the fractionated radiation was 
effective in causing DNA breaks in vivo and tumors with DNA MMR 
deficiency were more sensitive to radiation induced DNA damage. 

Diffuse invasion is one of the hallmarks of pHGG [37]. To examine if 
the cells in the invasive foci were equally responsive to radiation 
induced DNA damage, we compared the extent of DNA breaks in the 
invasive foci with that in the tumor core. Since it is not straightforward 
to positively distinguish single invasive tumor cells from normal mouse 
brain cells by morphology, we focused on the micro-invasive foci (be
tween 5 and 30 cells) that can be easily identified. Our results showed 
that irradiation caused substantial increase of γH2AX positivity in the 
invasive cells as well, resulting in 85 % ± 4.6 % positivity in 
IC-2305HGG and 99.8 % ± 0.2 % positivity in IC-1406HGG (Fig. 2A). 
The differences between tumor core and their corresponding invasive 
foci were not significant (P > 0.05). These data suggested that the 
invasive cells shared similar susceptibility toward radiation induced 
DNA damages as the tumor core cells. They also showed that the radi
ation fields on our mouse models were large enough to cover the 
orthotopic xenografts. 

Radiation induced apoptosis 

To examine if DNA damages caused tumor cell apoptosis, we 
examined the expression of cleaved caspase-3 in the consecutive sec
tions next to the ones used for γH2AX immunostaining in the two PDOX 
models. In the tumor core area, although there appeared to be an in
crease of apoptotic cells in the radiation-treated tumor cells as compared 
with the untreated control, the absolute number of cells in apoptosis was 
not high (< 10 % in IC-2305HGG and ~ 20 % in IC-1406HGG) (Fig. 2A). 
Similarly, low levels of cleaved caspase-3 positivity were observed in the 
invasive foci, suggesting that many tumor cells that suffered DNA 
damage (demonstrated by elevated γH2AX positivity) in the tumor core 
and in the invasive foci did not transit into apoptosis. 
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Fig. 3. Representative images of immunohistochemical detection and functional examination of mitochondria in vivo in xenograft tumors (quantification data 
summarized in Table 2). (A) Analysis of mitochondrial abundance in tumor core and invasive foci with immunohistochemical staining. Xenograft tumors harvested 
immediately at the end of fractionated radiation therapy (Acute response) and at the late phase after fractionated radiation therapy (Long term effects) were 
compared with that in the untreated control group. bar = 50 µm. (B) Immunohistochemical staining of mitochondria-specific protein COX IV. Xenograft tumors 
harvested immediately at the end of fractionated radiation therapy (Acute response) and at the late phase after fractionated radiation therapy (Long term effects) 
were compared with the untreated control, bar = 50 µm. (C) FCM quantitative analysis of ROS production. Xenograft cells were harvested at the end of 5-day 
fractionated radiation, stained with DCF-DA and analyzed. 
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Fractionated radiation caused mitotic catastrophe 

Mitotic catastrophe, the process when cells tend to divide without 
proper repair of DNA damage, was shown to be a mechanism of 
radiation-induced cell death [38]. To evaluate the impact of mitotic 
catastrophe, we examined the characteristic morphological changes of 
mitotic catastrophe, i.e. the multiple micronuclei, nuclear fragmentation 
and aberrant segregation of chromatids [38], on H&E stained sections 
derived from animals after the 5-day radiotherapy. In IC-2305HGG, 
mitotic catastrophe increased from 0.6 % ± 0.5 % in the control group 
to 3.4 % ± 0.4 % (5.6-fold increase) in the irradiated cells (Fig. 2B) (P < 
0.05); whereas in IC-1406HGG (the model with DNA MMR deficiency), 
cells in mitotic catastrophe increased from 0.4 % ± 0.3 % to 7.3 % ± 0.8 
% (18.3-fold increase) after fractionated radiation (Fig. 2B) (P < 0.01), 
highlighting mitotic catastrophe as one of the mechanisms of 
radiation-induced cell-killing in pHGGs. 

Previous reports showed that ionizing radiation also caused 
morphological changes of tumor cells in vitro and in vivo ([39,40]). In 
this study, examination of H&E stained sections following radiation 
revealed reduced cellular density, increased cytoplasm/nuclear ratio, 
bizarre pleomorphic cells with occasional multinucleated tumor giant 
cells and severe cytoplasmic degeneration (Fig. 2B). Similar to DNA 
damage and apoptosis, IC-1406HGG tumors underwent a more pro
nounced morphological restructuring than that in the IC-2305HGG 
xenografts. 

Differential impact on cell proliferation in PDOX models with and without 
DNA MMR deficiency 

Changes of cell proliferation of human solid tumors during radiation 
therapy remain poorly understood, although transient increase in 
growth faction has been observed in salivary gland neoplasm xenografts 
and in cervical cancer patients ([41,42]). To determine the impact of 
radiation on pHGG cell proliferation, we examined the changes of Ki-67, 
a marker of cell proliferation, through IHC staining. A significant 
reduction of Ki-67 positive cells from 90 % ± 8 % to 55 % ± 10 % was 
observed in IC-1406HGG, the model with DNA MMR deficiency 
(Fig. 2C) (P < 0.05); whereas in IC-2305HGG, Ki-67 positive cells 
increased from 62.4 % ± 7.6 % in the untreated tumor to more than 92.5 
% ± 4.1 % immediately at the end of the 5-day radiotherapy (Fig. 2C) (P 
< 0.05). These findings are interesting as they revealed that pHGG cells 
activated cell proliferation as an alternative response to 
radiation-induced stress/damage, except when they harbor DNA MMR 
deficiency. Since many chemotherapy agents have been successfully 
developed to target rapid proliferating cells, this finding provided 
mechanistic rationale to support the combination of radiation with 
cell-cycle specific chemotherapies. 

Mitochondria quantities increased significantly in the surviving tumor cells 

Mitochondria play an important role in tumor cell survival and 
apoptosis ([43,44]). Since some tumor cells survived despite 
wide-spread DNA damage in both pHGG models, we sought to examine 
if the surviving cells exhibited signs of mitochondria activation through 
immunohistochemical staining using human-specific antibodies against 
mitochondria ([18,19]). In the untreated control group, majority of the 
tumor cells were mitochondria negative with low levels (+) of positivity 
in a small fraction (< 10 %) of cells in the tumor mass in both models 
(Fig. 3A, Table 2). This result is different from our medulloblastoma 
models, in which nearly all the tumor cells, even in the center of massive 
xenografts, were richly stained with mitochondria [18]. In contrast, 
most of tumor cells (70–75 %) in the invasive foci exhibited high (+++) 
levels of mitochondria positivity, suggesting that oxidative phosphory
lation might have played a more important role in the invasive cells. It 
also highlighted a substantial metabolic difference between the tumor 
core and invasive pHGG cells in vivo. In the xenograft tumors that were 

treated with fractionated radiation (2 Gy daily for 5 days), a significant 
increase of strong mitochondria positivity (+++) was detected in tumor 
mass (80 % in IC-2305HGG and 95 % in IC-1406HGG) and in nearly all 
tumor cells (90 % in IC-2305HGG and 95 % in IC-1406HGG) in the 
invasive front (Fig. 3A, Table 2). 

The elevated mitochondria were functionally activated 

Ionizing radiation can cause impaired mitochondrial function 
through DNA damaging ([45,46]). To further investigate if the increased 
mitochondria were functional, we examined the expression of mito
chondrial respiratory protein cytochrome C oxidase subunit IV (COX 
IV), a mitochondrial-specific protein that has been reliably used as a 
functional indicator of mitochondria [47]. Similar to the changes in 
mitochondria numbers, the protein expression of COX IV was signifi
cantly elevated in both the tumor core and invasive fronts in the PDOX 
tumors at the end of 5-day radiation (2 Gy per day) (Fig. 3B, Table 2). 
Subsequent analysis of the recurrent tumor showed that the COX IV 
expression in IC-2305HGG was reduced to a low level comparable to the 
untreated controls; whereas in the model with DNA MMR deficiency 
(IC-1406HGG), high expression levels of COX IV were maintained in 
both tumor core and invasive cells (Fig. 3B, Table 2). 

Reactive oxygen species (ROS) were increased following fractionated 
radiation 

ROS are generated as normal products of cellular metabolism ([48, 
49]). They can also be produced by exogenous sources such as ionizing 
radiation ([9,50]). Since mitochondria are the major sources of ROS 
production ([9,51]), we next examined if the increased mitochondria in 
the pHGG xenograft tumor cells were also correlated with increased ROS 
production. Through flow cytometric analysis of a cell permeable 
florescent probe DCF-DA, the most widely used techniques for direct 
measuring of redox state [52], we detected a right shift of the relative 
fluorescence peak on a log scaled x-axis in both models 5 days post ra
diation as compared with the control tumors (Fig. 3C). Taken together, 
these data suggest that the increased mitochondria were functionally 
active and correlated with the increase of ROS production. 

Table 2 
Summary for immunohistochemical detection of mitochondrial related proteins.    

IC-2305HGG IC-1406HGG 

Gene Group Tumor 
Core 

Invasive 
Foci 

Tumor 
Core 

Invasive 
Foci 

MT Control +, 10 % ++, 70 % +, 5 % ++, 75 % 
Acute 
response 

++, 80 % +++, 90 % +++, 95 
% 

+++, 95 % 

Long term 
effects 

+++, 80 
% 

++, 75 % +++, 90 
% 

+++, 75 % 

COX 
IV 

Control +, 5 % +, 10 % +, 5 % ++, 25 % 
Acute 
response 

++, 25 % ++,50 % ++, 25 % ++, 50 % 

Long term 
effects 

+,10 % ++, 25 % ++, 50 % ++, 50 % 

Note: Intensity of staining: +: weak; ++: moderate; +++: strong; Percentage: 
1=<25 %, 2=25–50 %, 3=50–75 %, 4=>75 %. To further examine if the 
increased mitochondria numbers were maintained for long-term, we examined 
the mitochondria positivity in the remnant/recurrent xenograft tumors when the 
animals had to be euthanized due to excessive tumor growth. In both xenograft 
models, the increased mitochondria were maintained in the invasive foci, 
whereas in the tumor core mass, the expression of mitochondria was reduced 
from the peak levels observed immediately at the end of radiation. The overall 
levels, however, was still higher than that of the non-radiated control. This type 
of mitochondrial biogenesis, i.e., triggered by fractionated radiation and per
sisted for long-term in vivo in the surviving tumor cells, may have played a role in 
resisting radiation induced cells death in pHGG. 
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Fig. 4. Flow cytometric analysis of CD133+ and CD133− tumor cells following fractionated radiation in vivo. (A) Flow chart showing the increase of CD133+ glioma 
cells from the acute response phase and lasted for long-term in the remanent tumors. (B) Quantification of CD133+ glioma cell after fractionated radiation in both 
mouse model. Data from at least three independent experiments are shown. (C) FCM gate setting for G0, G1 and S/G2M analysis. Tumor cells were sequentially 
incubated with Hoechst 33342 to stain DNA and Pyronin Y to stain RNA. (D) Representative flow chart showing the reduction of G0 phase cells accompanied by the 
increase of G1 phase cells. Tumor cells were harvested at the end of 5-day radiation (2 Gy per day). (E) Quantification of G0 cell after fractionated irradiation. Data 
from at least three independent experiments are shown (Mean ± SD) (P < 0.01). 
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Fractionated radiotherapy increased CD133+ cells in vivo 

Cancer stem cells (CSCs) are shown to contribute to radio-resistance 
in adult GBMs ([53,54]). Although it remains controversial about its 
specificity, CD133 have been widely used as enrichment markers of 
glioma stem cells (GSCs) ([55,56]). To determine their responses toward 
fractionated radiotherapy, we examined relative abundances of CD133+

cells with FCM in pHGG orthotopic xenograft tumors immediately at the 
end of radiation treatment (2 Gy/day for 5 days). In addition to 
IC-2305HGG, the model IC-3752HGG was prioritized over IC-1406HGG 
in this assay due to its representation of a common molecular subtypes 
(MYCN) (one of the three models we have developed) (Table 1), strong 
resistance to fractionated XRT (Fig. 1B) and rapid in vivo growth. In both 
models, the fractions of CD133+ cells were increased, ranging from 22.6 
% ± 1.3 % to 42.3 % ± 0.6 % in IC-3752HGG, and from 34.3 % ± 2.5 % 

to 66.0 % ± 3.0 % in IC-2305HGG) (P < 0.05) (Fig. 4A, B). These data 
suggested that pHGG CD133+ glioma cells were more resistant to 
ionizing radiation. 

Radiotherapy activates cell cycle entry of quiescent G0 phase tumor cells in 
vivo 

The mechanisms of post-radiation enrichment of CSC remain un
clear. We reasoned that it could be caused by the death of CD133− tumor 
cells or resulted from the activated proliferation of CD133+ cells, or 
both. Given the critical roles of quiescence in resisting therapy-induced 
cell killing, in maintaining self-renewal of CSC and in limiting DNA 
damage [57], we analyzed the changes of G0 phase quiescent cells in the 
two PDOX models using a FCM protocol that can differentiate G0 from 
G1 phase cells by sequential staining of tumor cell DNA with Hoechst 

Fig. 5. Representative images of immunohistochemical staining of PDOX tumor cells at the end of acute and long-term radiation therapy in tumor core and invasive 
front in two pHGG models (IC-3752HGG, IC-2305HGG) (quantification data summarized in Table 3). (A) Nuclear protein expression of BMI1(blue arrow). (B) Nuclear 
protein expression of COX IV (green arrow) (green arrow). Representative images were from three independent experiments. (Original magnification, 40×10). Bar =
50 µm. 
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33342 and RNA with Pyronin Y ([58,59]). Compared with the untreated 
models, radiation (2 Gy/day x 5 days) significantly reduced the total G0 
phase cells from 35.1 % to 3.7 % in IC-3752HGG, and 38.3 % to 15.6 % 
in IC-2305HGG (Fig. 4D). 

Further analysis of the purified CD133+ and CD133− cells revealed a 
3.6-fold (from 9.9 % to 2.7 %) reduction of quiescent CD133+ cells in IC- 
3752HGG and a 3-fold (from 14 % to 4.5 %) reduction in IC-2305HGG. 
Similar patterns were noted in CD133− cells, in which the reduction of 
G0 quiescent cells ranged from 8.3 folds (43.9 % to 5.3 %) in IC- 
3752HGG to 2 folds (58.4 % to 29.2 %) in IC-2305HGG (Figs. 4D, E 
and S1). These findings are in agreement with the elevated cell prolif
eration detected by Ki67+ cells in the current study. They do not seem to 
support the notion that quiescent tumor cells survive fractionated ra
diation by passively staying at the resting phase. Rather, the tumor cells, 
particularly the CD133+ CSCs, actively responded to the radiation 
therapy by exiting quiescence and entering active cell cycling. They 
have also provided insights, at least partially, for the enrichment and 
increase of CSCs. 

Irradiation upregulates the expression of stem cell self-renewal gene BMI1 
and SOX2 

BMI1 and SOX2 are important self-renewal genes both in normal and 
CSCs ([60,61]), and their over-expression have been detected in 
high-grade gliomas of adults and children [60]. BMI1 has been found to 
promote DNA double strand break (DSB) response and repair [62]. In 
the untreated tumors of our PDOX models, we observed BMI1 
over-expression, albeit at low levels (+), in ~50-60 % tumor cells and 
SOX2 in ~90 % tumor cells in the tumor core areas; whereas in the 
invasive single cells and micro-satellite foci, we detected medium levels 
(++) of over-expression (Fig. 5A, B, and Table 3), indicating that BMI1 
and SOX2 may have participated in glioma cell invasion. 

After fractionated radiotherapy, BMI1 and SOX2 expression 
increased both in staining intensity (++~+++) and in relative abun
dance (>90 % of cells), immediately at the end of the 5-day radiation (i. 
e. the acute phase) and persisted till the end of experiment when the 
animals had to be euthanized due to tumor growth (i.e. the long-term 
effects) in both models (IC-3752HGG and IC-2305HGG) (Fig. 5A, B, 
and Table 3). These results indicated the involvement of BMI1 and SOX2 
in mediating pHGG responses towards radiation both in tumor core and 
in the invasive foci. Given their roles in CSC self-renewal, they may have 
also participated in promoting the entry of CD133+ cells into cell cycle, 
which justifies additional mechanistic analysis in the near future. 

Fractionated radiotherapy enhanced the mesenchymal maker fibronectin 

Epithelial-mesenchymal transition (EMT) is involved in CSC biology 

and in facilitating tumor invasion and metastasis [63–65]. Tumor cell 
invasion is associated with a mesenchymal feature of pHGG ([65,66]) 
and can be affected by the ROS levels [67]. Recognizing the critical role 
of invasive glioma cells in causing tumor recurrence, we next examined 
the impact of radiation induced ROS elevation on genes (fibronectin and 
vimentin) involved in EMT [68]. IHC staining revealed significant in
crease of fibronectin in the invasive foci in IC-3752HGG from medium 
(++) to strong (+++) positivity both during acute response and in the 
long-term effects (Fig. 6A and Table 4). The lack of similar response in 
IC-2305GBM indicated inter-tumoral heterogeneity. Strong (+++) 
expression of vimentin, another important regulator gene of EMT [65], 
was detected in both models in >95 % cells, and radiation did not cause 
major changes in its expression (Fig. 6B and Table 4). 

Discussion 

In this study, we demonstrated that the administration of clinically 
relevant and fractionated radiation to PDOX models of pHGG is feasible. 
The overall response of these orthotopic xenograft tumors parallels pa
tients’ response. We showed that fractionated radiation (2 Gy daily for 5 
days) caused wide-spread DNA damage both in the invasive cells and in 
the tumor core area, which resulted in apoptosis and mitotic catastrophe 
in ~ 30 % of the tumor cells and extended animal survival times. To 
search for additional mechanisms of radiation resistance, we identified 
mitochondrial biogenesis and the entry of CD133+ CSCs from quiescent 
G0 phase into cell cycle as two new strategies of radiation resistance. 

Radio-resistance is one of the major mechanisms of tumor recurrence 
in pediatric gliomas ([69,54]). However, our understanding of their 
resistance mechanisms in vivo is limited, due to the difficulties of 
obtaining post-radiation tumor tissues in patients. Our PDOX model 
have thus provided a unique opportunity to examine the temporal (acute 
and long-term) and spatial (tumor core vs. invasive foci) responses of 
pHGGs in vivo in a setting that shares maximum similarities to human 
pHGGs. Additionally, our inclusion of a PDOX model with DNA MMR 
deficiency, which is shown to be involved in DNA damage recognition, 
cell cycle arrest, DNA repair and apoptosis [70], further help elucidate 
the role of radiation induced DNA damage and repair in therapy effi
cacy. By comparing the responses of xenograft models with and without 
DNA MMR deficiency, the likelihood of identifying new mechanisms of 
radio-resistance and post-radiation survival was increased. 

Genomic DNA is shown to be the most important subcellular target of 
radiation therapy and examination of DNA breaks is frequently used as 
an indicator of radiation-induced cell damage. Successful completion of 
DNA repair is one of the major mechanisms of cell survival [9]. Many 
efforts have thus been invested to develop new agents, such as PARP 
inhibitors, to suppress DNA repair ([71,72]). In this study, we showed 
that a fractionated radiation (2 Gy daily for 5 days) can indeed cause 
widespread DNA damages in vivo as evidenced by strong positivity of 
γH2AX, and led to apoptotic or mitotic catastrophic cell death in ~30 % 
tumor cells. While IHC detection of rH2X provided high (single cell) 
resolution and spatial distribution of tumor cells suffering DNA damage, 
additional assays on DNA damage and repair should further strengthen 
the data and conclusions. While our findings demonstrated the power of 
fractionated radiation in causing massive DNA damages, they also 
showed that many tumor cells (~70 %) developed additional strategies 
to survive despite severe DNA breaks in vivo. 

Our finding of elevated mitochondria in the surviving pHGG cells 
suggested a new mechanism of pHGG radio-resistance. Indeed, several 
recent studies have examined the mitochondrial dysfunction as it related 
to radiation sensitivities ([11,73,74]). Since the increased levels of 
mitochondria occurred at the end of the 5-day radiation (the acute phase 
reaction) and persisted in the remnant tumors (the long-term effect) in 
both models and were functionally active, new strategies blocking 
mitochondrial biogenesis and/or inhibiting COX IV over-expression can 
be tested to reverse radio-resistance in pHGG cells. 

Cellular quiescence has long been recognized as one of the important 

Table 3 
Summary of immunohistochemical staining of self-renewal (BMI1 and SOX2).    

IC-3752HGG IC-2305HGG 

Gene Group Tumor 
Core 

Invasive 
Foci 

Tumor 
Core 

Invasive 
Foci 

BMI1 Control +, 60 % ++,70 % +, 50 % ++,80 % 
Acute 
response 

+++,100 
% 

+++,100 
% 

+++,100 
% 

+++,100 
% 

Long term 
effects 

+++,100 
% 

+++,100 
% 

+,100 % +++,100 
% 

SOX2 Control +,90 % +++,100 
% 

+,70 % +++,100 
% 

Acute 
response 

+++,100 
% 

+++,100 
% 

+++,100 
% 

+++,100 
% 

Long term 
effects 

++,100 % +++,100 
% 

++,100 % +++,100 
% 

Note: Intensity of staining: +: weak; ++: moderate; +++: strong; Percentage: 
1=<25 %, 2=25–50 %, 3=50–75 %, 4=>75 %. 
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mechanisms of therapy resistance ([75,76]). This is especially true for 
the putative CSCs [76–78]. However, the fate of quiescent tumor cells, 
particularly CSCs, following radiation remains poorly understood. Using 
our PDOX models that better replicated the microenvironment of pHGG 
and the maintenance of cellular quiescence, we discovered rapid exit of 
CD133+ tumor cells from G0 phase quiescence and into cell cycle pro
gression. This finding was further supported by the significant increase 
of Ki-67+ tumor cells detected via immunohistochemical staining. This 
result is important as it demonstrated a mechanistic rationale for the 
combination of radiation with cell-cycle specific chemotherapies or 
target therapies. Additionally, our identification of two self-renewal 
genes BMI1 and SOX2 as the key molecular drivers of the activated 
cell cycle entry also provided a mechanism not only to explain the 
accumulation of CSCs after radiation therapy ([53,54]) but also to 
combine BMI1 inhibitor with radiation for cancer therapies. 

One added advantage of our studies using PDOX models is that we 
can analyze spatial differences of pHGG cells in vivo. Diffuse invasion is a 
biological hallmark of high-grade gliomas and represent one of the 
primary causes of tumor recurrence. Our previous studies have revealed 
significant differences of gene expression and microRNA profiles be
tween GBM cells located in the tumor core and in the invasive front [79]. 
In the current study, our findings on their mitochondria content 
extended our knowledge on the biological differences of these two 
closely related subpopulations. The newly identified differences of en
ergy production between tumor core and invasive glioma cells high
lighted the need of in-depth analysis of the mechanistic causes, 
particularly the enriched mitochondria expression in the invasive cells. 
It also suggests that future evaluation of therapies should take the 
spatially located glioma cells into account. All these efforts should 
inform future development of anti-metabolism and/or anti-invasive 

Fig. 6. Representative images of immunohistochemical staining of PDOX tumor cells at the end of acute and long term radiation therapy in both tumor core and 
invasive front in two pHGG models (IC-3752HGG, IC-2305HGG). (quantification data summarized in Table 4) (A) Cytoplasmic protein expression of Fibronectin 
(green arrow). (B) Cytoplasmic protein expression of Vimentin (blue arrow). Representative images were from three independent experiments. (Original magnifi
cation, 40×10). Bar = 50 µm. 
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therapies against HGGs 

Conclusions 

Our study demonstrated that clinically relevant fractionated radia
tion therapy can be successfully administered to PDOX models of pHGG. 
We confirmed that the five-day fractionated radiation was effective in 
causing widespread DNA damages in vivo although improvement of 
animal survival times was less than expected. We identified two new 
mechanisms, i.e., mitochondrial biogenesis and activation of cell cycle 
progression, with which pHGG cells develop resistance to radiation 
induced cell death. More importantly, our data suggested new thera
peutic strategies to overcome radio-resistance and ultimately to improve 
therapy efficacy of radiation in pHGGs. 
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