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KEYWORDS Abstract Background/purpose: We established clinically relevant radioresistant (CRR) cell
Heterografts; lines, which proliferate after exposure to 2 Gy/day of X-rays with the same genomic back-
Mouth neoplasms; ground as the parental cell lines from SAS cells, a cell line derived from oral squamous cell car-
Radiotherapy; cinoma. In this study, we tried to analyze whether the radioresistance of the tumor is defined
Stromal cells by the stromal cells or the cancer cells using the CRR cells.

Materials and methods: We transplanted parental and CRR cells into nude mice. The effects of
2 Gy/day fractionated radiation (FR) on the tumors were observed for 30 days. We measured
tumor size, nuclear size by Hematoxylin-Eosin staining, Ki-67 expression via immunostaining,
and Autophagosome formation using Electron microscopy.
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Results: From the 20th day of FR, the SAS tumor volume gradually decreased. At 30 days of FR,
the SAS tumor volume was reduced by half. Conversely, SAS-R tumors maintained a constant
level after FR. The histology of the SAS tumor exhibited advanced fibrosis and enlarged cell
nuclei. However, the SAS-R tumor showed no notable fibrosis, and the cell nuclei in the SAS-
R tumors were like the nonirradiated cells. The number of Ki-67 positive cells was reduced
in SAS tumors but not SAS-R tumors. Electron microscopy revealed autophagosome-like struc-
tures in the parent cells, but not in the SAS-R cells.

Conclusion: The cancer cells themselves define the radioresistance of the tumor rather than by
the surrounding stromal cells.
© 2026 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

Oral cancer is the most common cancer in men in India and
Pakistan, and the 16th most common cancer worldwide (2 %
of all cancers).” In oral cancer, surgery is indicated in the
early stages, but 74 % of all head and neck cancer patients
are candidates for radiotherapy at some point during their
disease course. Radiotherapy may be preferred in oral
cancer over surgery to preserve oral function.? Therefore,
improving the efficiency of radiotherapy for oral cancer is a
significant step toward overcoming these challenges.

In general, radiotherapy is a highly effective anticancer
therapy implemented in approximately 50 %—60 % of pa-
tients.® Conventional fractionated radiation (FR) therapy
typically delivers doses of 1.8—2 Gy per day, 5 days a week,
to eliminate cancer cells while minimizing the harm to
healthy tissues. Standard treatment period is of 6—7 weeks,
so the total dose is approximately 54—60 Gy. However,
some cancer cells develop radioresistance, leading to
radiotherapy failure. For example, fractionated radiation
has been demonstrated to enhance the radioresistance of
certain cancer cells, such as prostate cancer cells.” Hence
the presence of radioresistant cells is one of the major
obstacles in radiotherapy, and multiple studies have been
conducted to address such radioresistant cells.”®

Comparative analysis of cell lines with different genomic
backgrounds and radioresistance have been conducted.”-®
We speculated that a comparative approach using cells with
different genomic backgrounds can detect factors not
involved in radioresistance. Therefore, we established
clinically relevant radioresistant (CRR) cell lines with the
same genomic background as the parental cell lines.® CRR
cells continue to proliferate after exposure to 2 Gy/day of
X-rays for more than 30 consecutive days, the standard
protocol for tumor radiotherapy. After we established CRR
cells, isogenic models of radioresistance have been widely
analyzed.'®'* These radioresistant cell lines reduce the
genetic variations present in patient samples and cell lines
of different origins, allowing the identification of molecular
determinants of radio response.’®

The radioresistance of cancer cells is influenced by
external and internal factors.'® External factors include the
tumor microenvironment and radiation exposure, and in-
ternal factors include genetic and molecular characteristics
of the cancer cells themselves.'” It has been reported that
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stromal cells in the tumor microenvironment have a sig-
nificant effect on the radioresistance of cancer cells.'®"’
These studies underscore the complexity of the tumor
microenvironment and the need to consider stromal cells
when developing radiotherapy strategies. On the other
hand, it has been reported that radiation-induced stromal
cell damage does not significantly contribute to tumor cell
death.?° Gerweck et al. and Ogawa et al. showed that the
intrinsic radioresistance of tumor cells is a major determi-
nant of tumor response to radiation.?""*? Thus, radiation-
induced stromal cell damage is not the primary factor in
tumor cell death but may play a role in modulating the
response to radiotherapy. The role of radiation-induced
stromal cell damage in tumor cell death remains contro-
versial and the subject of ongoing research.

The doses of radiation used to study the roles of tumor
cells and stroma cells differ from the doses used in radio-
therapy. Thus, to investigate the contribution of stroma
cells to tumor radioresistance, experiments using the same
radiation doses as radiation therapy are needed. We
established radioresistant cells that continue to proliferate
after exposure to 2 Gy/day X-rays for more than 30 days
in vitro. In this study, we transplanted CRR cells into nude
mice to analyze whether the radioresistance of the tumor
was defined by the stromal cells or the cancer cells.

Materials and methods
Cell culture and irradiation

Human oral squamous cell carcinoma cell line (SAS) was
obtained from the Cell Resource Center for Biomedical
Research, Institute of Development, Aging, and Cancer. SAS
CRR (SAS-R) cell line was established by gradually exposing
SAS cells to increasing doses of X-rays, as previously
described.” Cells were maintained in Roswell Park Memorial
Institute 1640 medium (Nacalai Tesque Inc., Kyoto, Japan)
supplemented with 5 % fetal bovine serum (Gibco Invitrogen
Corp., Carlsbad, CA, USA) in a humidified atmosphere at
37 °C with 5 % CO,. To maintain the CRR phenotype, SAS-R
cells were exposed to 2 Gy of X-rays every 24 h. X-ray
irradiation was performed at the dose of 1 Gy/min in a 150-
KVp X-ray generator (MBR-1520R; Hitachi Power Solutions
Co. Ltd, Tokyo, Japan) with a total filtration of 0.5 mm
aluminum and 0.1 mm copper.
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Effects of fractionated radiation on xenograft
tumors

Male 4-week-old BALB/c nude mice were used for all ex-
periments. All experimental protocols were approved by the
Committee on the Ethics of Animal Experiments, Tohoku
University, and were conducted according to the University’s
Guidelines for Animal Experiments. Exponentially growing
cells (1 x 107 cells in 250 pL saline) were subcutaneously
injected into the backs of the nude mice. Experiments
started (day 0) when tumor volumes reached about 250 mm?.
FR were exposed to mice every 24 h for 30 days. The mice
except for the tumor regions, were protected from radiation
by a lead shield. Tumor volumes were estimated using a
caliper and calculated according to the following formula:
tumor volume = 0.5 x length x width x height.?

Histological analysis and immunohistochemistry of
SAS and SAS-R tumors

Mice with tumors were perfused with 4 % paraformaldehyde
(PFA) via the left ventricle of the heart 24 h after the last
treatment. The excised tumor tissues were postfixed in 10 %
neutral-buffered formalin overnight, and 4-pm thick
paraffin-embedded sections were prepared. Sections were
stained with hematoxylin and eosin (HE). Cell nucleus size
was measured using NIH Image (ImageJ). At least 200 cells
per field were counted in tumors from three mice per group.

Tissue sections were heated in antigen retrieval solution
(pH 9.0; Nacalai Tesque Inc.) by microwaving for 10 min and
cooled to room temperature. After washing twice with
phosphate-buffered-saline (PBS), the slides were treated
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with 3 % H,0,-methanol for 10 min at room temperature to
quench endogenous peroxidase activity. After incubating
with 5 % skim milk in PBST for 60 min at room temperature
in a humidity chamber to reduce nonspecific staining, the
sections were incubated overnight at 4 °C with primary
antibodies to detect Ki-67 (sc-15402; Santa Cruz Biotech-
nology Inc., Dallas, TX, USA; 1:1000 dilution). After washing
three times with PBS, the specimens were incubated for
60 min at room temperature with the goat anti-rabbit
immunoglobulin (Ig)G antibody (H1202; Nichirei Bio-
sciences Inc., Tokyo, Japan; 1:1000 dilution). The signals
were visualized with 3,3'-diaminobenzidine followed by
counterstaining with HE. Sections were photographed with
a BZ-Analyzer (Keyence, Osaka, Japan).

Transmission electron microscopy (TEM)

Tumor tissues were fixed with a mixture of 0.04 % glutar-
aldehyde and 4.0 % paraformaldehyde in 0.1M phosphate-
buffer, pH 7.4 (PB), at 4 °C for 1 h. After cutting into small
blocks (approximately 1 mm?), the tissues were immersed
in 2 % glutaraldehyde in 0.1 M PB for 2 h. After washing with
Dulbecco’s PBS to remove the fixative, the tissue was cut
with a razor blade into pieces and post-fixed with 2 %
buffered 0sO4. Tissues were stained en bloc in aqueous
uranyl acetate solution, dehydrated through a graded se-
ries of ethanol solutions and embedded in EPON 812 resin
(TAAB Laboratories Equipment Ltd, Aldermaston, UK). Ul-
trathin resin tissue sections (70 nm) were mounted on
copper, counterstained with uranyl acetate and Reynold’s
lead citrate solution, and then observed with a Hitachi H-
9000 electron microscope.

30 40 50 60

Days after treatment

Figure 1

Clinically relevant radioresistant (CRR) tumor model. The left and right backs of the nude mice were subcutaneously

injected with exponentially growing parental human oral squamous cell carcinoma cell line (SAS) and SAS CRR (SAS-R) cells,
respectively. When tumors reached about 250 mm? (day 0), mice were exposed to fractionated radiation at 2 Gy/day of X-rays for
30 consecutive days. The nontumor area was shielded with a lead plate. The vertical axis represents the relative tumor size, and
the horizontal axis represents the number of days of treatment. The SAS tumor volume was less than half the beginning volume
after 60 days after treatment. In contrast, the volume of SAS-R tumors continued to increase and maintain a constant level.
Mean =+ SD of three independent mice is shown. **P < 0.01, *P < 0.05.
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Statistical analysis

The data were analyzed by Student’s t-test. A significance
level of P < 0.05 was adopted. Results are expressed as
mean + standard deviation (SD) of three independent
experiments.

Results

CRR cells exhibit resistance to fractionated X-ray
irradiation in vivo

For the radiosensitive/radioresistant xenograft mouse
model, the left and right backs of the nude mice were sub-
cutaneously inoculated with SAS and SAS-R cells, respec-
tively. After reaching 250 mm?3, the tumors were irradiated
with 2 Gy/day fractionated X-rays per day while shielding the

non-tumor area with a lead plate. SAS tumors continued to
grow until 10 days after starting FR (total dose 20 Gy; Fig. 1)
to a about three times the initial volume. Thereafter, the
tumor volume remained approximately the same. The tumor
volume gradually decreased from the 20th day of FR. Sixty
days after treatment, the SAS tumor volume was less than
half the beginning volume. In contrast, the volume of SAS-R
tumors continued to increase and maintain a constant level
after irradiation with FR at 2 Gy/day. These results demon-
strate that the CRR cell xenograft model is useful for the
in vivo analysis of human radioresistant cells.

Histological analysis of SAS and SAS-R tumors

Histological analysis revealed no differences in tissue
structure between SAS and SAS-R tumors before FR (Fig. 2).
The nuclei of SAS cells were significantly enlarged after
irradiation with 20 Gy (10 FR) compared with the nuclei of

SAS-R

Figure 2  Histology of clinically relevant radioresistant (CRR) tumors. Parental SAS and SAS CRR (SAS-R) tumor tissues irradiated
with 0, 30, and 60 Gy of X-rays were fixed in 10 % neutral buffered formalin and 4-um-thick paraffin-embedded sections were
prepared. The sections were stained with hematoxylin and eosin, and the nuclear size of each section were measured. The nuclei
of SAS cells were enlarged as the total radiation dose increased, but the nuclei of SAS-R cells did not increase in size.
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Figure 3  Quantitative analysis of nuclear size. The vertical
axis indicates the size of the nucleus, and the horizontal axis
indicates the X-ray exposure dose. In SAS tumor cells, as the
total radiation dose increased, the size of the nuclei signifi-
cantly increased. However, the size of nuclei did not increase
significantly in response to radiation in SAS-R tumor cells.
*P < 0.01, *P < 0.05.

SAS-R cells. The nuclei of SAS cells were enlarged about 3-
fold compared with non-irradiated nuclei (Fig. 3).
Conversely, the nuclei of SAS-R cells were not enlarged after
irradiation. These results suggest that SAS-R cells are less
affected by FR than SAS cells. Tumor fibrosis of in the stromal
cells progressed in both SAS and SAS-R tumors, indicating
that stromal cells in SAS and SAS-R tumors were affected by
FR. Overall, the histological analyses indicates that the
radioresistance of tumors depends on the radioresistance of
the tumor cells rather than the tumor stromal cells.

Determining the growth fraction of SAS and SAS-R
cell populations

Ki-67 staining was used to determine if tumor cells were
proliferatively active when exposed to FR. Many Ki-67-
positive cells were observed in both the SAS and SAS-R tu-
mors before irradiation (Fig. 4). After 15 days of FR, no
significant differences in the number of Ki-67 positive cells
were observed between the SAS and SAS-R tumors. After 30
days of FR, the number of Ki-67 positive cells was reduced
in SAS tumors but not SAS-R tumors. Notably, connective
tissue increased in the SAS tumors.

Electron microscopic analysis

Electron microscopy revealed no significant differences in
SAS and SAS-R tumors before FR (Fig. 5). After irradiation
with 30 Gy, numerous double-membraned autophagosome-
like vesicles were observed in the cytoplasm in SAS tumors.
These vesicles increased in the cytoplasm after exposure to
60 Gy irradiation in the SAS tumors but not the SAS-R
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tumors. A small number of autophagosome-like structures
were consistently observed in the cytoplasm of SAS-R cells.
These observations suggest that fractionated irradiation
induces autophagic cell death in SAS cells.

Discussion

Xenograft mouse models are often used as preclinical
cancer models to study the clinical behavior and thera-
peutic progress of radioresistant cancer cells.” These
models allow researchers to observe the interactions be-
tween cancer cells and the tumor microenvironment,
evaluate the efficacy of various treatments, and elucidate
the mechanisms of radioresistance. Thus, these models
help bridge the gap between in vitro studies and clinical
applications. For example, Pan et al. developed radio-
resistant lung squamous cell carcinoma (LUSC) cell lines,
and in vivo nude mouse xenograft experiments were con-
ducted to verify the feasibility of these cell lines.?® Zhang
et al. detected elevated expression of Rab25, a receptor
recycling protein, in an array of radioresistant human
cancer cell lines and in vivo radioresistant xenograft tu-
mors.?® Xie et al. investigated radioresistant and radio-
sensitive cancer cell interactions using a radioresistant/
radiosensitive xenograft mouse model.?” Thus, the xeno-
graft tumor model is widely used to identify factors
contributing to cancer cell radioresistance. However, the X-
ray irradiation conditions used in these studies differ from
the 2 Gy/day irradiation conditions used in clinical prac-
tice. Tumors derived from CRR cells can survive even under
irradiation conditions of 2 Gy/day, making this an optimal
model for studying radioresistant tumors.

We conducted in vivo experiments using CRR cells
resistant to 2 Gy/day X-rays, the standard protocol for
tumor radiotherapy. After 10 days of FR, tumors derived
from SAS cells began to shrink, whereas the size of tumors
derived from SAS-R was constant, indicating that the radi-
oresistance of tumors depends on the radioresistance of the
tumor cells. The growth rate of SAS-R tumors was slower
compared to the growth rate of SAS tumors. Moreover, our
previous analysis showed that the doubling time of SAS-R
cells was longer than the doubling time of SAS cells; this
characteristic may have affected the tumor growth rate.?®
We have previously observed the growth of non-irradiated
SAS and SAS-R after cell transplantation and confirmed
that the tumor size increased over time after trans-
plantation.?’ Furthermore, our previous observation
showed the same results after irradiation; when SAS was
transplanted, the tumor size decreased from 30 days after
irradiation, while the tumor size of SAS-R did not increase
significantly and remained constant.?’ The nuclei of SAS
cells but not SAS-R cells were enlarged after FR. Rene et al.
detected dose-dependent increased cell size after vy-ray
irradiation.*° Increased cell size after radiation treatment
was also reported.®' Our previous study also demonstrated
that the nuclei of the parental HepG2 cells but not CRR
HepG2-8960-R cells were enlarged after X-ray irradiation.’
Radiation fibrosis is characterized by the development of
scar tissue in irradiated tissues and is a late side effect of
radiotherapy. Fibrosis is caused by the accumulation of
collagen and integrins in the extracellular matrix due to
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Figure 4 Determining the growth fraction of parental SAS and clinically relevant radioresistant SAS-R tumor cells by detecting Ki-
67 positive cells. In SAS tumors, the number of dividing cells decreased as the radiation dose increased. However, no obvious
decrease in dividing cells was observed in SAS-R tumor. The amount of connective tissue increased in SAS tumors as the radiation
dose increased, but no obvious increases were observed in SAS-R tumors.

radiation exposure by TGFp signaling. Fibrosis has been
reported to cause functional impairment in normal cells
and to be related to radioresisutance.?” In this study, we
observed less fibrosis in CRR tumor indicating that CRR
tumor were less damaged by irradiation. Our previous study
also showed that fibrosis occurs more in the parent cells
compared to CRR cells after irradiation.*® These results
suggest that SAS-R cells are resistant to fractionated irra-
diation in vivo.

The Ki-67 protein is present during all active phases of
the cell cycle but is absent from resting Gg cells. Thus, Ki-67
is an excellent marker for determining the growth fraction
of a given cell population and is often used as a prognostic
and diagnostic tool in cancer studies.>* Our previous in vitro
study showed that proliferation potency is maintained in
CRR cells during exposure to 2 Gy/day of X-rays, whereas
the proliferation potency is gradually lost in the parental
cells.” Ki-67 staining also showed that mitotic competent
cells were reduced in SAS tumors. However, no significant
reduction was detected in SAS-R tumors, suggesting that
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stromal cells are not strongly involved in the radio-
resistance of tumor cells.

During autophagy, damaged or old cytoplasmic organ-
elles and other cellular components are enclosed within
double-membrane vesicles called autophagosomes. Auto-
phagosomes fuse with lysosomes, where their contents are
degraded and recycled. This process helps cells maintain
homeostasis and respond to cellular stress, such as nutrient
deprivation or oxidative stress. The process is usually
cytoprotective, but autophagic cell death occurs when
autophagy is excessive.>® Autophagy after irradiation is
highly context-dependent, contributing to treatment
resistance or cell death, depending on the context.¢*” An
electron microscopic analysis revealed that the cytoplasm
of SAS cells was filled with autophagosomes, but only a
small number of autophagosomes were observed in the
cytoplasm of SAS-R cells. Furthermore, our previous study
showed that the expression of LC3, an autophagy marker,
increased when the SAS parent cells were irradiated. We
also reported that CRR cells express less LC3 after
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Figure 5

Electron microscopic analysis of parental SAS and clinically relevant radioresistant SAS-R tumor cells. The number of

autophagosome-like structures increased in SAS tumor cells as the radiation dose increased, but no significant increase was
observed in SAS-R tumor cells. In SAS-R tumor cells, a small number of spherical structures with double-layer membranes were
observed with or without fractionated radiation. Scale Bar = 2 um.

irradiation compared to the parent cells.*® These results
suggest that autophagy induced by fractionated X-ray
irradiation may be involved in cell death in SAS cells but
may contribute to cell survival in SAS-R cells. However,
further analysis is required to confirm these results. More-
over, immunodeficient mice lack a natural immune
response. They therefore cannot reproduce the effects of
the immune system on the microenvironment, such as the
effects of T cells on cancer cells or phagocytosis by mac-
rophages. Therefore, when we apply to clinical practice, it
is necessary to consider the possibility that the behavior
may not match the results of this study. This is a weakness
of this model.

It has been reported that SAS parent cells cultured in the
medium in which SAS-R was cultured formed more colonies
after 6 Gy irradiation compared with untreated SAS parent
cells, indicating that SAS-R cells can affect surrounding
cells via the culture medium.>* Therefore, tumor cells may
act on the surrounding stromal cells to constitute an
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environment conducive to their survival. If the cancer cells
act on the surrounding stromal cells, then the cancer cells
themselves that define the radioresistance of the tumor.
This study indicates that cancer cells, not the surrounding
stromal cells, define the radioresistance of the tumor.
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