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Chronic pathophysiological
changes in the normal

brain parenchyma caused

by radiotherapy accelerate glioma
progression
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Radiation therapy is one of standard treatment for malignant glioma after surgery. The
microenvironment after irradiation is considered not to be suitable for the survival of tumor cells
(tumor bed effect). This study investigated whether the effect of changes in the microenvironment
of parenchymal brain tissue caused by radiotherapy affect the recurrence and progression of glioma.
65-Gy irradiation had been applied to the right hemisphere of Fisher rats. After 3 months from
irradiation, we extracted RNA and protein from the irradiated rat brain. To study effects of proteins
extracted from the brains, we performed WST-8 assay and tube formation assay in vitro. Cytokine
production were investigated for qPCR. Additionally, we transplanted glioma cell into the irradiated
and sham animals and the median survival time of F98 transplanted rats was also examined in vivo.
Immunohistochemical analyses and invasiveness of implanted tumor were evaluated. X-ray irradiation
promoted the secretion of cytokines such as CXCL12, VEGF-A, TGF-B1 and TNFa from the irradiated
brain. Proteins extracted from the irradiated brain promoted the proliferation and angiogenic
activity of F98 glioma cells. Glioma cells implanted in the irradiated brains showed significantly high
proliferation, angiogenesis and invasive ability, and the post-irradiation F98 tumor-implanted rats
showed a shorter median survival time compared to the Sham-irradiation group. The current study
suggests that the microenvironment around the brain tissue in the chronic phase after exposure to
X-ray radiation becomes suitable for glioma cell growth and invasion.
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COX-2 Cyclooxygenase-2

CXCR-4  C-X-C chemokine receptor type 4
CXCL-12  C-X-C motif chemokine 12

DMEM Dulbeccos Modified Eagle Medium
EGFR Epidermal growth factor receptor
ERK2 Extracellular signal-regulated kinase2
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FGF-2 Basic fibroblast growth factor-2

GBM Glioblastoma multiforme

IL-1B Interleukin-1p

MMP-2  Matrix metalloproteinase-2

MST Median survival time

MVD Micro vascular density

qPCR Quantitative polymerase chain reaction
TGF-p1 ~ Tumor growth factor p1

TNFa Tumor necrosis factor alpha

TUNEL  Terminal deoxynucleotidyl transferase (TdT) -mediated dUTP nick end labeling
VEGF-A  Vascular endothelial growth factor-A

Initially, the standard treatment of malignant glioma involved surgical removal of as many tumors as possible
followed by radiotherapy. Although progression-free survival of glioblastoma is approximately ten months', it has
been demonstrated that X-ray treatment reduces the recurrence of tumor and increases the life expectancy>?. To
prevent the growth of tumor cells invading tumor-surrounding brain tissue, radiotherapy is targeted at the area
within 3-4 cm of the tumor resection cavity*. Nevertheless, the recurrence of more than 95% of glioma has been
observed in the area within 2-3 cm of the tumor resection cavity at several months or years after radiotherapy>*.

It is known that the implantation of tumor cells into the radiation-exposed tissue delays the onset and
reduces the growth rate of tumors’. The effect, which was later named as the tumor bed effect?, is considered
to be the main cause of reduced neovascularization®'’. In general, the radiation-exposed tissue environment,
which is characterized by reduced blood perfusion (nasal CPAP)!, reduced extracellular pH'!, and a hypoxic
environment'?, is considered to be the microenvironment that is not suitable for the survival of tumor cells.

Other authors reported that radiation stimulated an infiltration of F98 glioma cells into the brains of tumor-
bearing Fischer rats, resulting in a reduction of their MST**. This stimulation was associated with pro-inflam-
matory mediators such as cyclooxygenase-2 (COX-2), interleukin-1p (IL-1p), and matrix metalloproteinase-2
(MMP-2). In a related study, the inhibition of inflammatory cytokines by a COX-2 inhibitor prevented F98 glioma
progression in the irradiated rat brain and increased the MST". These reports suggested the possibility that tumor
growth could paradoxically be stimulated in the acute phase after radiation therapy, but there has been no report
discussing the influence of irradiation in the chronic stage on glioma in rodent models.

The tissue microenvironment, in which the regrowth of tumor cells that survived the initial treatment occurs
within several months after exposure to the radiation, is the brain tissue different from that of the primary tumor.
In this study, we examined the effect of changes in the microenvironment of parenchymal brain tissue (i.e., the
tumor bed) in the chronic phase after exposure to X-Ray radiation on F98 glioma cells.

Results

Proteins extracted from the irradiated brain promoted the proliferation of F98 cells. The pro-
liferation of F98 cells under different concentrations (1.5, 3, 6 and 12 pg/ml) of protein extracted from the brain
hemispheres of the IR/Ipsi-brain, IR/Contra-brain, and Sham-IR/Brain groups was measured by WST-8 assay.
As shown in Fig. 1A, the cells incubated with medium containing protein extracted from an irradiated hemi-
sphere (here, the IR/Ipsi-brain group) showed a significantly higher cell growth rate compared to the rate of the
control group (i.e., Sham-IR/Brain group) under 3, 6 and 12 pg/ml of extracted protein. There was no signifi-
cance difference in the cell growth rate between the non-irradiated hemisphere (IR/Contra-brain group) and the
control group (Sham-IR/Brain group). Additionally, WST-8 assay adding AMD3100 (10 uM)was performed,
and the cell proliferation of F98 glioma under 12 pg/ml of protein extracted from the brain hemispheres of the
IR/Ipsi-brain, IR/Contra-brain, and Sham-IR/Brain groups was significantly inhibited (Fig. 1B).

Tube-forming activity was increased by brain irradiation. The angiogenic activity was assessed by
measuring the length of forming tubes under different concentrations (3 and 6 pg/ml) of protein extracted
from the IR/Ipsi-brain, IR/Contra-brain, and Sham-IR/Brain rats. As shown in Fig. 1C, the IR/Ipsi-brain group
showed significantly longer tube formation compared to the Sham-IR/Brain group under protein concentrations
of both 3 and 6 ug/ml. In the IR/Contra-tumor group, significantly longer tube formation was observed com-
pared to the Sham-IR/Brain group only under the 6 pug/ml protein concentration.

Brain irradiation decreased the MST. As shown in Fig. 2A,B, the rats in the IR/Ipsi-tumor and IR/
Contra-tumor groups showed significantly shorter MSTs compared to the rats in the Sham-IR/Tumor group.
Interestingly, there was no significant difference in survival between the IR/Ipsi-tumor and IR/Contra-tumor
groups. The IR/Ipsi-tumor, IR/Contra-tumor, and Sham-IR/Tumor rats all showed good appetites, and there was
no difference in the nutritional state among these groups, just before the tumor implantation. We also confirmed
that the X-ray irradiated rats without the tumor cell implantation had been living for more than 12 months.

Changes in tumor biology of rats.  Asshown in Fig. 3A,E, the Ki67 labeling index increased significantly
in the IR/Ipsi-tumor group compared to the Sham-IR/Tumor group. The Ki67 index indices of the IR/Contra-
tumor and Sham-IR/Tumor groups were not significantly different. The apoptotic index of the IR/Contra-tumor
group was significantly decreased compared to that of the Sham-IR/Tumor group (Fig. 3B,E). The MVD index
of the IR/Ipsi-tumor group was significantly higher than that of the Sham-IR/Tumor group, but there was no
significant difference in the MVD index between the IR/Contra-tumor and Sham-IR/Tumor groups (Fig. 3C,E).
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Figure 1. (A) The cell-viability ratio under each protein concentration extracted from each group by WST-8 assay. Tissue
proteins extracted from the IR/Ipsi-brain group contained significantly higher levels of growth factors compared to the
Sham-IR/Brain group under the 3, 6, and 12 pug/ml concentrations of extracted protein. These results were expressed as

mean +SD and comparisons between groups were assessed by Student’s t-test. (B) The cell-viability ratio under 12 pg/ml
concentrations of extracted protein from each group adding AMD3100(10 uM) by WST-8 assay. The cell-viability ratio adding
AMD3100 in IR/Ipsi-brain, IR/Contra-brain, and Sham-IR/Brain groups was significantly inhibited. These results were
expressed as mean = SD and comparisons between groups were assessed by Students t-test. (C) Measurement of tube lengths
by a tube-forming assay under each protein concentration extracted from each group. Tissue proteins extracted from the IR/
Ipsi-brain group contained a significantly higher level of angiogenesis factors compared to those of the Sham-IR/Brain group.
Under the protein concentration of 6 pig/ml, significantly longer tube formation was observed in the IR/Contra-brain group
compared to the Sham-IR/Brain group. These results were expressed as mean + SD and comparisons between groups were
assessed by Student’s t-test.
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Figure 2. (A,B) Survival curves of Fischer rats implanted with F98 glioma cells. Significantly shorter median
survival times were achieved by the IR/Ipsi-tumor and IR/Contra-tumor rats compared to the Sham-IR/
Tumor rats (IR/Ipsi-tumor and IR/Contra-tumor =20.5 days vs Sham-IR/Tumor group =22.5 days; p=0.002
and p=0.003, respectively). There was no significant difference in survival between the IR/Ipsi-tumor and IR/
Contra-tumor groups (p=0.8).

Increased tumor invasion in the irradiated brain. The tumor surface in the IR/Ipsi-tumor group was
irregular and the tumors exhibited strong invasiveness. On the other hand, the Sham-IR/Tumor group showed a
relatively clear border around the tumor rim. A significant increase in the number of tumor cells invading nor-
mal brain tissues was observed in the IR/Ipsi-tumor group compared to the Sham-IR/Tumor group (Fig. 3D,F).
There was no significant difference between the IR/Contra-tumor and Sham-IR/Tumor groups.

Whole transcriptome analysis (RNA-seq) for the irradiated brain. In comparison with the Sham-
IR/Brain (control), 64 differentially expressed genes (DEGs) were commonly up- or down-regulated both in the
IR/Ipsi-brain and IR/Contra-brain of the irradiated animals, as listed in Fig. 4.

The pathway analysis for the DEGs revealed that 13 pathways were commonly impacted both in IR/Ipsi-brain
and IR/Contra-brain groups, and out of these pathways, four pathways involved tissue inflammation, such as cell
adhesion molecules (CAMs), chemokine signaling pathway, leukocyte transendothelial migration, and cytokine-
cytokine receptor interaction (Table 1).

Stimulation of genes and molecules in the brain by irradiation. Based on the results of the above
trascriptome analysis (RNA-seq.), we performed validation qPCR for several genes. As shown in Fig. 5, signifi-
cant increases were observed in the expressions of CXCL12, VEGF-A, TGF-B1 and TNFa in the IR/Ipsi-brain
group at 3 months after radiation compared to the Sham-IR/Brain group. The expressions of CXCL12, TGF-f1
and TNFa in the IR/Contra-brain group were significantly higher than those of the Sham-IR/Brain group.

Stimulation of genes and molecules in the tumor by irradiation. As shown in Fig. 6, significant
increases were observed in the expressions of CXCR4, FGF-2, VEGF-A, EGFR and ERK2 (MAPK1) in the IR/
Ipsi-tumor group compared to the Sham-IR/Tumor group. The expressions of CXCR4, FGF-2 and ERK2 in the
IR/Contra-tumor group were significantly higher than those in the Sham-IR/Tumor group.

Discussion

In this study, we have demonstrated that the production of proinflammatory cytokine increased in the microen-
vironment of the parenchymal brain tissue (tumor bed) in the chronic phase after exposure to X-ray radiation.
This effect is considered to be the microenvironment that is not suitable for the survival of tumor cells. However,
the current study suggest that X-ray radiation made the microenvironment of brain tissue in the chronic phase
suitable for the regrowth of glioma cell and invasion of the brain tissue.

First, compared with proteins extracted from rats that received sham exposure, proteins extracted from the
radiation-exposed hemisphere promoted tumor growth in F98 glioma cells as well as tube formation in HUVECs.
Interestingly, proteins extracted from non-exposed parts of the hemisphere in radiation-exposed rats showed
similar effects, although they required high concentration of proteins. The results suggest an increase in the
expression of proteins that promote the proliferative activity of tumor cells and neovascularity in brain tissue in
the chronic phase after exposure to the radiation. In this experiment, local X-ray radiation to the hemisphere
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Figure 3. Changes in the biology of the transplanted tumors. (A) Ki-67 labeling index. (B) Apoptotic index. (C) Microvascular
density (MVD) index. (D) Tumor invasion index. The tumors of the IR/Ipsi-tumor group exhibited significantly higher proliferation,
angiogenesis abilities and invasiveness compared to those of the Sham-IR/Tumor group. Tumors of the IR/Ipsi-tumor and IR/
Contra-tumor group showed significantly lower rates of apoptosis compared to the Sham-IR/Tumor group. These results were
expressed as mean +SD and comparisons between groups were assessed by Student’s t-test. (E) F98 glioma xenografts were stained
immunohistochemically for Ki-67 (upper panels), TUNEL (middle panels) and CD34 (lower panels) at a magnification of x 400.
Tumors of the IR/Ipsi-tumor and IR/Contra-tumor group showed a significant increase in proliferative index and a significant decrease
in apoptotic index compared to Sham/IR-Tumor group. Tumors of the IR/Ipsi-tumor showed a significant increase in microvascular
density index compared to Sham/IR-Tumor group. Scale bars =50 um. (F) Hematoxylin and eosin staining of F98 tumor showed
tumor rim for sham-IR/Tumor (left panels), IR/Contra-tumor (middle panels) and IR/Ipsi-tumor (right panels). The upper panel
shows the image at a magnification of x 80, and the area surrounded by the square shows the image at a magnification of x 200 (lower
panel). Scale bars =100 pm.
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IR/Ipsi-brain vs. Control IR/Contra-brain vs. ) . IR//Contra- .
(Sham-IR/Brain) Control (Sham-IR/Brain) | 'F/IPsi-brain brain  |onam-IR/Brain
Gene Expression Expression
Symbol |fold change P-Value ;1 change P-value | 1| 213 | 1]2|38|1/]2]3
Slin3 21.589 0.026 12.766 0.044
Lilra5 15.687 0.007 4.703 0.033
Dpep2 7.866 0.003 8.927 0.001
Cdknia 6.447 0.001 3.673 0.006
Osm 5.841 0.008 5.576 0.007
Hsh2d 4.727 0.027 3.832 0.025
112rg 4.561 0.044 6.374 0.028
Cxcl17 3.629 0.027 2.973 0.039
Emr4 3.383 0.004 2.288 0.016
RT1-CE4 3.371 0.037 3.084 0.050
Plaur 3.247 0.048 2.293 0.041
Ripk3 3.210 0.032 2.766 0.046
Slc1a7 3.164 0.009 2.890 0.013
F2ri2 3.158 0.011 3.526 0.015
Car3 3.095 0.013 2.124 0.035
Cdé 3.025 0.023 2.004 0.046
Pm20d1 3.013 0.048 3.104 0.048
Gprc5a 2.902 0.019 1.833 0.020
Tagap 2.886 0.001 2.757 0.031
Reep4 2.682 0.012 2.725 0.019
LOC498316 2.584 0.004 2.220 0.006
Pvrl4 2.584 0.030 2.729 0.002
Adcy4 2.582 0.019 2.219 0.032
Casq1 2.488 0.015 2.215 0.031
Cldn19 2.469 0.003 2.233 0.015
Loxl4 2.463 0.030 3.367 0.013
RT1-S3 2.458 0.031 2.099 0.019
Cd37 2.440 0.003 2.579 0.025
Spdef 2.429 0.038 3.520 0.007
Adamts14 2.386 0.030 2.309 0.001
Mafb 2.380 0.019 2.268 0.006
Lyl1 2.344 0.041 2.581 0.026
P2ry14 2.300 0.009 2.329 0.029
LOC1009110 2.207 0.042 2.594 0.010
Mmp9 2.196 0.046 2.486 0.015
Cd300If 2.175 0.046 2.073 0.007
Hmhat 2.058 0.044 2.061 0.048
Klf1 2.016 0.006 1.796 0.014
Unc13d 1.979 0.015 2.090 0.039
Sipai 1.959 0.018 2.077 0.032
Scarf1 1.928 0.026 2.432 0.005
RGD1561145 1.918 0.040 1.928 0.036
Mical1 1.899 0.003 1.719 0.008
Fut2 1.810 0.021 1.990 0.012
Plekhd1 1.806 0.026 1.731 0.046
Ppmij 1.710 0.006 1.681 0.020
Fhod1 1.689 0.007 1.676 0.018
Soat1 1.684 0.035 1.881 0.044
Exoc3I1 1.631 0.011 1.930 0.018
Trip10 1.622 0.048 1.556 0.011
Hic1 1.607 0.036 2177 0.047
Slc12a4 1.542 0.026 1.502 0.004
Atp6ap1il -1.520 0.038 -2.435 0.027
Nnat -1.552 0.021 -1.614 0.021
Lypd1 -1.594 0.042 -1.782 0.003
Ciart -1.688 0.014 -1.649 0.013
|Cfap126 -1.740 0.001 -1.708 0.021
Slc32at -1.891 0.018 -1.788 0.035
LOC691995 -1.952 0.034 -2.347 0.017
Myh7 -1.998 0.047 -2.515 0.045
Mill1 -2.001 0.025 -1.696 0.046
Gpiba -2.106 0.027 2.111 0.026
Npffri -2.805 0.001 -2.931 0.001
Fbxo36 -2.889 0.037 -2.848 0.005

Figure 4. 64 genes that showed significant expression changes of more than 1.5-fold or less than — 1.5-fold in
both x-ray irradiated and non-irradiated hemisphere, compared to the sham-irradiated brain. Significance level
is p<0.05.
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IR/Contra-brain vs. Sham-IR/
IR/Ipsi-brain vs. Sham-IR/Brain Brain
Impacted pathways P-value Bonferroni correction | P-value | Bonferroni correction
Cell adhesion molecules (CAMs) 1.10E-06 | 0.00026 0.008 1
Chemokine signaling pathway 9.40E-05 | 0.024 0.029 1
Leukocyte transendothelial migration 0.00032 0.080 0.0034 | 0.94
Cytokine-cytokine receptor interaction | 0.0012 0.29 0.0071 1

Table 1. The list of the significantly impacted pathways in IR/Ipsi-brain and IR/Contra-brain groups, as
compared to the control group (Sham-IR/Brain). Bonferroni; corrected P-values by the Bonferroni method for
multiple comparisons.

(A) p=0.0047 B p=0.005
( )2.5 — oSham-IR/Brain
p=0.0041
- 5 olR/Contra-brain
5 j_ 5 mIR/Ipsi-brain
2 2 B
0 g _15
5T a8
£ g2
s ®
¢ 3 05
0 — 0
CXCL12 VEGF-A
(€) p=0.0010 (D) p=0.0084
4 1 3 I 1
p=0.0034 - p=0.023
5 3 f 1 o : '
® ?
] 8 2
g 83
2. X
3T 2 o=
22 2%
s 1 2
0 0
TGFb1 TNFa

Figure 5. Expression of various cytokines in the IR/Ipsi-brain, IR/Contra-brain, and Sham-IR/Brain groups.
The expressions of CXCL12, VEGF-A, TGF-p1 and TNFa in the IR/Ipsi-brain group were significantly higher
compared to those in the Sham-IR/Brain group. The expressions of CXCL12, TGF-B1 and TNFa of the IR/
Contra-brain group were significantly higher than those of the Sham-IR/Brain group. These results were
expressed as mean = SD and comparisons between groups were assessed by Student’s t-test.

was confirmed through measuring the area of alopecia of the rat scalp (rats with areas of alopecia that crossed
the midline were excluded from this study).

Then, we exposed the right hemisphere to local X-ray radiation and implanted F98 cells in the hemisphere
at three months after exposure to the radiation. In this experiment, the implanted tumors did not receive X-ray
radiation. Therefore, the difference in the behavior of the implanted tumors may be attributed to the differences
in the microenvironment of the tumors. The overall survival (OS) of IR/Ipsi-tumor group after implantation of
F98 glioma cells in the hemisphere previously exposed to X-ray radiation was significantly lower than that of the
control (sham-IR/tumor) group (MST: 20.5 vs. 22.5, log-rank test p =0.002). Moreover, interestingly, the OS of
the group after implantation of F98 cells in the hemisphere that did not receive direct X-ray radiation (the IR/
Contra-tumor group) was also significantly lower than that of the control group (MST: 20.5 vs. 22.5, log-rank
test p=0.003). The results of the analysis of proliferative activity, apoptosis rate (TUNEL staining), and density of
tumor vessels (CD34 staining) in tumors harvested from the three groups showed a higher MIB1 index (by about
22%, p=0.01) and blood vessel density (by about 40%, p =0.045) and lower levels of TUNEL-positive apoptosis
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Figure 6. Expression of various cytokines in the IR/Ipsi-tumor, IR/Contra-tumor, and Sham-IR/Tumor groups.
The expressions of CXCR4, FGF-2, VEGF-A, EGFR and ERK?2 in the IR/Ipsi-tumor group were significantly
higher than those in the Sham-IR/Tumor group. The expressions of CXCR4, FGF-2 and ERK?2 in the IR/Contra-
tumor group were significantly higher compared to those in the Sham-IR/Tumor group. These results were
expressed as mean £ SD and comparisons between groups were assessed by Student’s t-test.

(by about 40%, p=0.04) in tumors that were formed in the hemisphere after exposure to X-ray radiation (IR/Ipsi-
tumor group) than in the control group. Conversely, compared to the control groups, tumors in IR/Contra-tumor
group exhibited an increase in Ki-67 index by about 18% (p=0.04) and a decrease in TUNEL-positive apoptosis
by about 50% (p=0.01), but no significant difference in the tissue blood vessel density. Among rodent GBM
models, the F98 model is a disease model of tumor formation with extensive invasion of tumor-surrounding brain
tissue'®. The evaluation of the degree of invasion in the surrounding brain tissue showed a significant increase
in the invasiveness in IR/Ipsi-tumor group than in sham-IR/tumor group. The above results suggest that X-ray
radiation made the microenvironment of brain tissue in the chronic phase suitable for the regrowth of glioma
cell and invasion of the brain tissue. It was reported that C6 glioma cells was irradiated before implantation to
the rat brain, and the tumor showed activated infiltration into the brain'. Although the F98 glioma was not
itself irradiated in this experiment, if the irradiated F98 had been transplanted into an irradiated animal, it is
possible that the invasiveness might have been further increased. In addition, it will be interesting to study the
survival outcomes of experiments in which irradiated and non-irradiated tumors are transplanted into the irra-
diated hemisphere. Therefore, to analyze the changes in the microenvironment of the brain tissue in the chronic
phase after exposure to X-ray radiation at the molecular level, we performed transcriptomic analysis (RNA
sequencing) of RNA extracted from the rat cerebral hemispheres (IR/Ipsi-brain and IR/Contra-brain groups)
and the brain tissue harvested from sham group. In the analysis, we identified 52 genes exhibiting significantly
high expression in the radiation-exposed hemisphere of rats previously exposed to radiation (IR/Ipsi-brain
group) and in the non-exposed hemisphere of rats previously exposed to radiation (IR/Contra-brain group)
compared to those in the control group (rats that did not receive radiation). Additionally, the pathway analysis
of differentially expressed genes revealed significant changes in the pathways involved in tissue inflammation,
such as cell adhesion molecules (CAMs), chemokine signaling pathway, leukocyte transendothelial migration,
and cytokine-cytokine receptor interaction.

Further analysis of CXCL12, VEGF-A, TGF-B1 and TNFa using RT-PCR revealed a significant increase in the
expression of the above-mentioned four genes except for VEGF-A in IR/Ipsi-brain and IR/Contra-brain groups
compared to the control group. Conversely, the expression of VEGF-A was significantly high only in IR/Ipsi-brain
group compared to the other groups. In previous studies, an increase in the expression of CXCL12, VEGF-A,
TGF-B1 and TNF-a in the rat brain after a single high-dose X-ray radiation has been reported'”'8. CXCL12 is
a factor known to function as a ligand of CXCR4. It is known that CXCL12 is a chemokine that increases its
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production in the tissue as part of the inflammatory responses, and that the CXCL12/CXCR4 axis promotes the
proliferative activity and invasiveness of tumor cells, including malignant glioma and other various cancers, with
the expression of CXCR4, a receptor of CXCL12'9-22, VEGF-A is a key factor involved in tumor neovasculariza-
tion. Levin et al. reported that bevacizumab, a VEGF antibody, prevents radiation necrosis and related cerebral
edema through reducing vascular permeability*>**. Additionally, bevacizumab has been reported to improve
progression free survival in patients with glioma®. Furthermore, the activation of CXCR 4 has been reported to
induce intratumoral expression of VEGF-A in glioma cells that respond to CXCL12?%*. TGF-f1 is an important
factor involved in tumor growth and metastasis®®. In vitro and in vivo experiments revealed that TGF-B1 released
from microglial cells increased the invasiveness of glioma cells***°. Moreover, TGF-p1 is a known factor that is
also involved in the neovascularization of malignant tumors®*"*2. TNFa, a proinflammatory cytokine that plays
an important role in the microenvironment of tumors has been associated with tumor invasion and metastasis. A
previous study showed that TNFa activated MAPK/ERK signals, leading to an increase in the tumor invasiveness
in breast cancer®. Additionally, TNFa has been reported to increase the invasiveness of C6 glioma as well***.
Moreover, TNFa has been reported to increase CXCR4 expression in glioma cells®. A significant increase in the
expression of the above-mentioned proinflammatory cytokine in the parenchymal tissue harvested from the
hemisphere at three months after exposure to X-ray radiation in this study was consistent with previous studies
in humans and animals*’~*. An increase in the production of proinflammatory cytokine has been suggested
to be due to the changes in the microenvironment of the parenchymal brain tissue (tumor bed) in the chronic
phase after exposure to X-ray radiation.

Next, to analyze the effect of the microenvironment of the brain tissue (tumor bed) in the chronic phase after
exposure to X-ray radiation on the implanted tumor cells at the molecular level, we performed sequencing of
RNA extracted from glioma implanted in IR/Ipsi-tumor and IR/Contra-tumor groups as well as sham group. RT-
PCR analysis of CXCR4, FGF-2, VEGF-A, EGFR, and ERK2 (MAPK1) revealed significantly higher expression
of three genes (i.e., CXCR4, FGF-2, and ERK2) in IR/Ipsi-tumor and IR/Contra-tumor groups compared to the
control groups. Conversely, the expression of VEGF-A and EGFR was significantly higher only in IR/Ipsi-tumor
group compared to the other groups. As described above, an increase in the expression of CXCL12 in the brain
after exposure to X-ray radiation may affect the implanted tumor cells, leading to an increase in the expression
of CXCR4 in tumor cells. Additionally, glioma cells also secrete CXCL12, probably leading to the proliferation
and neovascularization of glioma through the autocrine/paracrine mechanism involved in the CXCL12/ CXCR4
receptor ligand system. Analysis of the brain tumor model with increased tissue expression of CXCL12 after expo-
sure to the radiation of glioma cells implanted in the brain compared with tumors implanted in the brain that did
not receive radiation showed higher MIB1 expression, as a marker of proliferative activity (Fig. 3A), and higher
infiltration in the periphery of tumor tissue (Fig. 3D). CXCR4 expression was also detected in vascular endothe-
lial cells, and an increase in CXCL12 expression in the local tissue is known to promote neovascularization**!.
Additionally, extracellular CXCL12 promotes tumor angiogenesis through the production of VEGF-A by tumor
cells?’. Analysis of the number of vessels per unit area in tumor tissue also showed high blood vessel density of
tumor cells implanted in the brain after exposure to the radiation (Fig. 3C). The expression levels of EGFR, a
receptor that exhibits high expression in glioma tissues, have been significantly correlated with the malignancy
of glioma®2. It has been reported that CXCL12 activates EGFR ligands that are located downstream of CXCL12/
CXCR4**, Qur current study also showed a significant increase in EGFR expression in tumors implanted in
the brain with high expression of CXCL12 in the chronic phase after exposure to the radiation (Fig. 6). Analysis
of glioma cells implanted in rat brain after exposure to the radiation compared to those in the control groups
(i.e., rats that did not receive X-ray radiation) revealed a significant increase in the production of FGF-2 by the
tumor cells and a significant decrease in the rate of differentiation of apoptotic cells in the tumor tissue. It is
known that an increase in FGF-2 expression induced through autocrine production leads to increased prolifera-
tive activity, reduced apoptosis, and increased neovascularization, resulting in the maintenance of glioma stem
cells*>*. Furthermore, the activation of these growth factors and MAPK (MEK-ERK) pathway, an intercellular
signaling pathway involved in cell growth located downstream of their receptors, may lead to an increase in the
production of glioma cells*’. High expression of ERK has been confirmed in glioma cells implanted in rat brain
after exposure to the radiation.

The results of this study suggest that the microenvironment (tumor bed) round the parenchymal brain tis-
sue, especially humoral factors (mainly cytokines), at several months after exposure to X-ray radiation, becomes
suitable for the replication of tumor cells that survived after X-ray treatment, mainly through modifying the
phenotype of the tumors (e.g., proliferative activity of glioma, antiapoptotic effects, invasiveness, and tumor
angiogenesis). In this study, glioma cells implanted in the brain did not receive radiation. Therefore, the changes
in tumor cells (e.g., proliferative activity, apoptosis, and neovascularization) observed in this study may be
attributed to the differences in the microenvironment (tumor bed) of parenchymal brain tissue where glioma
cells were implanted. This experiment was able to demonstrate only the effect of radiation-induced late brain
injury on tumors. More interestingly, the results of this study revealed a significant increase in the proliferative
and antiapoptotic effects on tumors that were also formed in the non-exposed hemisphere of rats previously
exposed to X-ray radiation. Such changes in the tissue microenvironment (tumor bed) in the chronic phase after
exposure to the radiation may also be observed outside the radiotherapy field. Sequencing of RNA extracted from
the brain tissue at three months after exposure to X-ray radiation also ranked high in “the chemokine signaling
pathways” as the pathways of differentially expressed genes (Table.1). Therefore, the above-mentioned effects on
area outside the radiotherapy field may be due to humoral factors, such as secretory growth factors and cytokines,
that are activated through chronic tissue inflammation induced upon exposure to X-ray radiation. In fact, the
validation of interstitial expression of CXCL12, TGF-P1, TNFa and others, using quantitative PCR showed a
significant increase in the expression of these humoral factors in the non-exposed hemisphere of rats previously
exposed to X-ray radiation (Fig. 5). Furthermore, the results suggest that the tissue proteins extracted from the
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non-exposed hemisphere of rats previously exposed to X-ray radiation increased the proliferative activity of
glioma cells in vitro and promoted the tube formation in vascular endothelial cells (Fig. 1C).

Currently, among chemotherapeutic agents used for the prevention of the recurrence of tumor after radio-
therapy, only alkylating agents (e.g., TMZ, ACNU/BCNU) exhibited evidence of improved prognosis in patients
with glioma®**, Cytokines related to angiogenesis and inflammation are secreted during the tissue repair
process in resection margins after glioma surgery, which suggest that they may be involved in the recurrence
of residual tumors®. In this experiment, the same response was observed in the irradiated brain, which may
have contributed to the growth and angiogenesis of the implanted tumor. Therefore, to develop new thera-
pies to inhibit glioma recurrence, it is not enough to use drugs that directly damage tumor cells, but also it is
important to control cytokines in the tumor microenvironment. Recently, tumor immunotherapy using PD-1
inhibitors has also been focused. Zeng et al. suggested that radiosurgery plus PD-1 blockade generates robust
antitumor activity against primary intracranial gliomas®'. They showed that the combination of SRS and PD-1
enhanced the anti-tumor immune response while minimizing the immunosuppressive response to irradiation
of the normal brain. The pathway analysis in this study (Table 1) showed the activation of chronic inflammation
and autoimmune response in brain tissue after X-ray irradiation. In this experiment, it is unclear to the extent
to which anti-tumor immunity effect acted on the transplanted glioma cells, but it is considered to have acted in
the direction of promoting tumor growth in the irradiated brain tissue as a whole.

This study has several limitations. First, in this study, we did not assess the volume of implanted tumors using
MRI or contrast-enhanced CT. It is because the assessment of the volume of implanted tumors using imaging
requires anesthesia for at least 30 min that may have affected the prognosis of rats. Second, in this study, the evalu-
ation was conducted only at three months after the exposure to X-ray radiation. If the tumors were implanted
at later stage after exposure to X-ray radiation, the proliferative activity and malignancy of glioma must have
been higher than those documented in this study due to radiation-induced changes in the secretion of cytokines.

Third, it is to be noted that the microenvironment of the irradiated rat brain is different from that of the
recurrent tumor. In clinical practice, when radiotherapy for malignant gliomas is performed, the irradiated area
includes the tumor and the surrounding normal brain. Therefore, we should consider the effects of cytokines
secreted by the recurrent tumor in the microenvironment. The generation of a glioma model with stable OS
required the implantation of about 10,000 tumor cells. Nevertheless, it was difficult to generate a brain tumor
model with glioma recurrence within several months after exposure to the radiation because the OS of the brain
tumor model rats was less than four weeks. Therefore, we transplanted glioma cells to the brain after X-ray irra-
diation in this study. Lastly, a single radiation dose of 65 Gy is relatively higher than that used for radiotherapy
of patients with malignant glioma. Postoperative radiotherapy (stupp regimen) for malignant gliomas is gener-
ally performed in 60 Gy/30 fractions. Since this study was a single dose irradiation, it is expected that the brain
damage and inflammatory response associated with irradiation is stronger than that of fractionated irradiation.
Single fraction might have led to increased production of pro-inflammatory cytokines in brain tissue after X-ray
irradiation. Additionally, due to the difference in ischemic tolerance between rats and humans, the effect of
radiation on rat cortex is lower than that on human cortex. Studies on radiation-induced late brain injury have
reported that a simulation of changes in the chronic stage in a rodent model requires exposure to high-dose X-ray
radiation of about 50-60 Gy*>~>*. Although data are not shown in this paper, in our pilot study, we generated a
rodent model of radiation-induced late brain injury that exhibited recurrence within 6 months induced through
X-ray radiation of 65 Gy. The model exhibited an increase in the expression of chemokines and immunological
response-related activation of microglial cells. Therefore, tumors were implanted at three months after a single
exposure to the radiation of 65 Gy.

Unlike previous findings on the tumor bed effect (claiming that tumor bed exhibits tumor inhibitory effect),
the current study suggests that the microenvironment around the brain tissue in the chronic phase after exposure
to X-ray radiation becomes suitable for glioma cell growth and invasion. In the future studies, development of
new therapeutic agents to delay the recurrence of glioma should be conducted focusing on the effect of radiation
injury on brain tissue after exposure to the radiation (i.e., tumor bed).

Methods

Cell line. The rat F98 glioma cell line was obtained from ATCC (Manassas, VA) and grown in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and penicillin at 37 °C in an
atmosphere of 5% CO2. These materials for the culture medium were purchased from Gibco Invitrogen (Grand
Island, NY, USA).

Animal experiment A: X-ray irradiation to the rat brain. All of the experimental procedures used
in this study were approved by the Animal Review Board and Ethical Committee of Osaka Medical College
(Approval No.: 27058). This study was conducted in accordance with the "Ethics Declaration’ for the ARRIVE
guidelines’ (https://arriveguidelines.org). Eight-week-old, male Fischer 344 rats weighting between 270-320 g
(Japan SLC, Inc. Shizuoka, Japan) were anesthetized with an intraperitoneal injection of a mixture of medetomi-
dine 0.15 mg/kg, midazolam 2 mg/kg, and butorphanol 2.5 mg/kg.

During X-ray irradiation, the 5 mm-thick lead shield with a 1 cm square window were used to protect the
whole body of the rats (Fig. 7A). For rats in the irradiation groups (IR: n=8), 100-kV X-ray was irradiated to
the right cerebral hemisphere through the 1 cm square window, with a single dose of 65 Gy using a linear X-rat
accelerator (SOFTEX M-150WE; Kanagawa, Japan). The irradiation area was determined with the bregma as
reference points. The sham-irradiation was performed for rats in the control group (Sham-IR: n=7).
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Figure 7. (A) Schema of X-ray irradiation to the rat brain (created with BioRender.com). The whole body of rat was covered with a lead
plate with a 1 cm square window, and only a part of the right cerebral hemisphere was irradiated with X-rays. (B) Treatment schema

of the three groups of male Fisher rats for in vitro study (created with BioRender.com). X-ray: X-ray irradiation. IR/Ipsi-brain group:
X-ray was irradiated only a part of the right cerebral hemisphere and the tissue of the right hemisphere was used. IR/Contra-brain group:
X-ray was irradiated only a part of the right cerebral hemisphere and the tissue of the left hemisphere was used. Sham-IR/Brain group:

no irradiation was performed and the tissue of the right hemisphere was used. (C) Treatment schema of the three groups of Fisher rats
implanted tumor for in vivo study (created with BioRender.com). T: implanted tumor. IR/Ipsi-tumor group: F98 cells were transplanted to
the right hemisphere after irradiation to the right hemisphere. IR/Contra-tumor group: F98 cells were transplanted to the left hemisphere
after irradiation to the right hemisphere. Sham-IR/Tumor group: F98 cells were transplanted to the right hemisphere without irradiation.
(D) Timeline describing the timing of irradiation, sacrifice and brain extraction in vitro assay. Three months after the X-ray irradiation, we
extracted the tissue protein and RNA from rat brain. (E) Timeline describing the timing of irradiation, tumor implantation and sacrifice for
in vivo assay. Three months after the irradiation, F98 glioma cells were implanted into the cerebral hemisphere of rats.
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RNA and protein extraction from the irradiated rat brain.  Three months after the X-ray irradiation,
the rats were euthanized to obtain their brain tissue. After the brains were divided along the midline, the tissue
protein and whole RNA were separately extracted from the right (IR/Ipsi-brain: n=38) and left cerebral hemi-
spheres (IR/Contra-brain: n = 8) of the animals irradiated on the right brain as mentioned in Fig. 7B,D. As a con-
trol, we prepared proteins and total RNA extracted from the right cerebral hemisphere of the sham-irradiated
animals (Sham-IR/Brain: n=7). The RNA was extracted using miRNeasy Mini Kit (Qiagen, Hilden, Germany),
and cDNA library preparation was performed using a SuperScript VLIO ¢cDNA Synthesis kit (Thermo Fisher
Scientific, Cleveland, USA) according to the manufacturer’s instructions. The brain tissue protein was extracted
with the 3-min total protein extraction kit for animal tissues (101 Bio, Palo Alto, CA). The concentrations of the
extracted protein were determined by the PierceTM BCA Protein Assay Kit (Thermo Scientific-Life Technolo-
gies, Waltham, MA).

In vitro cell proliferation assay using F98 glioma cells.  The proliferation ability of the tumor cells was
analyzed by a WST-8 assay. F98 cells were seeded in 96-well plates at a density of 10,000 cells/well in 100 ul of
culture serum-free DMEM. At 24 h after this pre-incubation, 100 pl of medium containing the extracted brain
protein with 1.5, 3.0, 6.0 and 12 pg/ml was added to the wells. To study the effect of AMD3100, a CXCR4 antago-
nist, glioma cells were incubated with 10 uM AMD3100. 72 h after the incubation, 10 ul of WST-8 labeling rea-
gent (Cell Counting Kit; Dojindo Laboratories, Kumamoto, Japan) were added to each well and the absorbance
at 450 nm was measured with the corona grating microplate reader (Hitachi High-Tech Corporation, Japan).

In vitro tube-formation assay using HUVEC. For the in vitro tube-formation assays, 96-well plates
were coated with growth-reduced factor Matrigel (BD Biosciences, catalog number: 354230) on ice and incu-
bated at 37 °C for 2 h until the Matrigel became solid. Human umbilical vein endothelial cells (HUVECs) (Life
Technologies, Invitrogen, catalog number: C-003-5C) were seeded in 96-well plates at a density of 20,000 cells/
well and cultured in 150 pl of medium containing 3.0 or 6.0 ug/ml of the cerebral proteins extracted the above.
After a 3-h (incubation in 5% CO2 at 37 °C, images were taken with at a magnification of x 100 (10 ocular x 10
objective), and the lengths of the tubes in four random fields were quantified by Image J software version1.52.
(U.S. National Institutes of health, Maryland, USA).

Animal experiment B: glioma cell transplantation into the irradiated rats. Animal groups and
study design.  Thirty-two male Fischer 344 rats (8-week-old, weighting between 270 and 320 g) were used.

65-Gy of X-ray was irradiated to the right cerebral hemisphere of 20 rats as described above, and sham-
irradiation was performed for 12 rats to prepare a control group.

Three months after the irradiation, the 20 rats were randomly divided into two groups (IR/Ipsi-tumor or IR/
Contra-tumor) as mentioned in Fig. 7C. In “IR/Ipsi-tumor” group (n=12), the F98 glioma cells were implanted
to the right cerebral hemisphere of the irradiated animals. On the other hand, in the “IR/Contra-tumor” group
(n=8), F98 cells were implanted to the left hemisphere of the irradiated animals. All the sham-irradiated animals
(n=12) were implanted with F98 cells into right hemisphere (Sham-IR/Tumor group). The rats were observed
daily for body weight and neurological deficits (n=>5). They were euthanized by inhalation of Sevoflurane accord-
ing to standardized criteria, > 20% weight loss for 2 days, and the brains were removed for the following analyses
(Fig. 7E).

Tumor implantation. At the chronic phase (3 months) after the X-ray irradiation, F98 glioma cells were
implanted into the cerebral hemisphere of rats in the above three groups. Under anesthesia, the rat’s head were
fixed with a stereotactic frame (Model 900; David Kopf Instruments, Tujunga, CA, USA), and a small burr hole
was made on the skull with an electric drill at 1 mm anterior and 3 mm lateral of the bregma. 1 x 10* of F98 cells
were suspended in 10 pl of DMEM and injected at a rate of 1 pl/min into the brain at a depth of 5 mm from the
skull burr hole, using a 25-pl Hamilton microsyringe with a 26-gauge needle (model 1700 RN, Hamilton Bona-
duz AG, Bonaduz, Switzerland) and a micro-injector (WPI model UMP3, Sarasota, FL, USA). After the injection
was complete, the burr hole was sealed with bone wax.

Immunohistochemical analyses for the tumor.  Cell proliferation index. 'The primary antibody, Ki-67
(clone MIB-1; dilution of 1:100) (Abcam, Cambridge, MA, USA), and a universal secondary antibody (dilution
of 1:300) (Roche, Basel, Swizerland) were used. The cell proliferation index was calculated by taking five random
pictures of each slide at a magnification of 200 x (10 ocular x 20 objective). The index was calculated as the num-
ber of Ki-67-stained cells divided by the total number of cells. HematoxylinIIwas used for the counterstaining
for cell nuclei.

Apoptotic index. To detect the cell apoptosis, the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP
nick end labeling (TUNEL) assay was performed using an ApopTag Peroxidase In Situ Apoptosis Detection Kit
(Cosmo Bio, Tokyo, Japan). The apoptotic index was evaluated by counting the number of TUNEL-positive cells
over the total number of cells at a magnification of 200 x (10 ocular x 20 objective) in five random fields.

Microvascular density (MVD) index. The primary antibody, CD34 (dilution of 1:2500) (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), was used with a universal secondary antibody (dilution of 1:300) (Roche, Basel,
Swizerland). The MVD index was calculated by taking five random pictures of each slide at a magnification of
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200 % (10 ocular x 20 objective). The index was calculated as the number of CD34-stained cells divided by the
total number of cells.

Evaluation of glioma invasiveness. F98 rat glioma model shows tumor cell invasion into normal brain
parenchyma at the tumor periphery. Implanted brain tumors were removed from the three groups; IR/Ipsi-
tumor, IR/Contra-tumor, and Sham-IR/Tumor groups, fixed with formalin and embedded in paraffin. The FFPE
blocks were sliced and stained with hematoxylin and eosin. The invasion index was evaluated by taking pictures
of each slide at a magnification of 50 x (10 ocular x5 objective). The index was calculated as the total area of
glioma crossing tumor rim divided by the field of tumor regions in serial sections using Image J software®. The
invasive tumor ratio of the Sham-IR/Tumor group was defined as 1.0.

RNA extraction. Total RNA was extracted and prepared cDNA from the F-98 cell implanted tumors in the
three groups; IR/Ipsi-tumor, IR/Contra-tumor, and Sham-IR/Tumor as described above.

RNA-sequencing. Whole transcriptome sequencing was applied to the RNA samples of brain tissues in
triplicate assay (n=3 for each group), with use of on an Illumina HiSeq 2500 platform in a 75-base single-end
mode. Illumina Casava ver.1.8.2 software was used for base calling. Sequenced reads were mapped to the rat ref-
erence genome sequences (rn6) using TopHat ver. 2.0.13 in combination with Bowtie2 ver. 2.2.3 and SAMtools
ver. 0.1.19. The number of fragments per kilobase of exon per million mapped fragments (FPKMs) was calcu-
lated using Cuffnorm ver. 2.2.1. The raw data have been deposited in the Gene Expression Omnibus database of
the U.S. National Center for Biotechnology Information (NCBI).

As compared to Sham-IR/Brain, the differentially expressed genes (DEGs) in IR/Ipsi-brain and IR/Contra-
brain were obtained using a threshold of 0.05 for statistical significance (p-value) and a log fold change of expres-
sion with absolute value of at least 1.5. To identify significantly altered pathways, we used an analysis software,
“iPathwayGuide” (Advita Corporation, Plymouth, MI, USA; info@advaitabio.com). These DEGs were analyzed
with the impact analysis method®*-, in the context of pathways obtained from the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database (Release 81.0+/01-20, Jan 17)°*%, and gene ontologies from the Gene Ontology
Consortium database (2016-Sep26)°%. (See Supporting information: Methods for pathway analysis).

Real-time quantitative PCR (qPCR). Total RNAs were reverse-transcribed into cDNA with a Super-
Script VLIO cDNA Synthesis kit (Thermo Fisher Scientific, Cleveland, USA). The validation gene for the quan-
titative polymerase chain reaction (QPCR) was selected based on the results of RNA-sequencing. A quantitative
real-time PCR was performed with TagMan probes and primers using the LightCyclerII (Roche Applied Science,
Penzberg, Germany). The PCR conditions were as follows: a single denaturation cycle at 95 °C for 10 min, fol-
lowed by 45 amplification cycles of 95 °C for 10 s and 60 °C for 25 s. The relative expression ratio was calculated
after normalization with reference to the expression of the housekeeping gene 18S RNA. The PCR primers were
designed by the Roche Universal Probe Library. The expression of cytokines such as C-X-C motif chemokine 12
(CXCL12), vascular endothelial growth factor-A (VEGF-A), tumor growth factor f1 (TGF-p1), tumor necrosis
factor alpha (TNFa), C-X-C chemokine receptor type 4 (CXCR4), fibroblast growth factor-2 (FGF-2), epider-
mal growth factor receptor (EGFR) and extracellular signal-regulated kinase2 (ERK2) was assessed by qPCR.

Statistical analysis. Data are expressed as the mean + standard deviation. Statistical analysis of the groups’
MST values was performed using the Wilcoxon log-rank test, and other results were analyzed using Student’s
t-test. Values of p <0.05 were considered statistically significant.

Ethics approval and informed consent. All applicable international, national, and institutional guide-
lines for the care and use of animals were followed. Informed consent was obtained from all individual partici-
pants included in the study.

Data availability
All data generated during the current study are included in this article and are available from the corresponding
author on reasonable request.
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