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Abstract

To understand the molecular mechanisms responsible for radioresistance in cancer cells, we previously established clinically
relevant radioresistant (CRR) cell lines from several human cancer cell lines. These CRR cells proliferate even under exposure
to 2 Gy/day of X-rays for more than 30 days, which is a standard protocol for tumor radiotherapy. CRR cells received 2 Gy/
day of X-rays to maintain their radioresistance (maintenance irradiation; MI). Interestingly, CRR cells that did not receive MI
for more than a year lost their radioresistance, indicating that radiation-induced radioresistance is reversible. We designated
these CRR-NoIR cells. Karyotyping of the parental and CRR cells revealed that the chromosomal composition of CRR cells
is quite different from that of the parental cells. However, CRR and CRR-NoIR cells were more similar compared with the
parental cells because CRR cells repair X-ray-induced DNA damage with higher fidelity. To identify the factor(s) involved
in tumor radioresistance, previously published studies including ours have compared radioresistant cells to parental cells. In
this review, we conclude that a comparison between CRR and CRR-NoIR cells, rather than parental cells, is the best way to

identify factors involved in tumor radioresistance.
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Introduction

Cancer is a major health concern, and the most common
types of cancer treatments include radiotherapy, chemother-
apy, immunotherapy, and surgery. Surgery and radiotherapy
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are local therapies, whereas chemotherapy and radiotherapy
are generally noninvasive treatments. Depending on the type
of cancer, each treatment may be used alone or as part of
a multidisciplinary approach, such as radio-chemotherapy
[1-3]. Because tumor cells exhibit sensitivity to ionizing
radiation (IR), radiotherapy has emerged as the primary
type of treatment for solid tumors [4]. Radiotherapy directly
induces DNA damage or indirectly results in the production
of reactive oxygen species (ROS) in cancer cells [5]. The
goal of radiotherapy is to eradicate tumor cells completely,
while sparing nearby normal tissues. Radiotherapy takes
advantage of the difference in radiation sensitivity between
normal and tumor tissue [6]. Therefore, radiotherapy has
the great advantage of being able to treat cancer, while pre-
serving the function of the organ in which it was formed.
Significant progress has been made in the development of
technology to deliver radiation therapy, including stereotac-
tic radiosurgery and intensity-modulated radiotherapy [7, 8].
Radio-chemotherapy has also made rapid progress. Radio-
therapy combined with chemotherapy can reverse tumor
hypoxia by reducing tumor oxygen consumption, which may
lead to considerable clinical improvements for many tumor
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types [9]; however, some issues still need to be resolved.
Among these, the existence and development of cancer cells
that are resistant to radiation its overall efficacy. Many stud-
ies have attempted to explain this phenomenon and many
mechanisms of radioresistance have been suggested over
recent decades [10-13].

Resistance to radiation in cancer cells has been recog-
nized and studied for a long time [11, 14—17]. Most studies
compare cell lines that have the same organ of origin, but
exhibit different radiosensitivities [18—20]. For example, to
screen for novel biomarkers of radioresistance and elucidate
the underlying mechanism, transcriptome analysis of a radi-
oresistant and radiosensitive prostate cancer cell lines was
performed [21]. To determine the effect of miR-4778-3p on
the radiosensitivity of cervical cancer cells, HeLa and SiHa
cervical cancer cell lines were used as radioresistant cell
lines [22]. Radioresistant SW480 and moderately radiore-
sistant HCT-15 colorectal cancer cells were used to deter-
mine whether survivin plays a direct role in mediating radia-
tion resistance [23]. What should be considered, however, is
that cancer cells with different genomic backgrounds were
analyzed in these studies. Various factors suspected of being
involved in cancer cell radioresistance have been reported,
such as DOC-2/DAB2 interactive protein (DAB2IP) [24],
phosphoprotein associated with glycosphingolipid-enriched
microdomains 1 [25], and cyclin D1 [26]. Interestingly, Mar-
tin et al. showed that cyclin D1-overexpressing MCF7 cells
were more sensitive to IR compared with their nonoverex-
pressing counterparts [27]. The cyclin D1-overexpresing
cells also exhibited a higher induction of apoptosis; how-
ever, it was also reported that overexpression of cyclin D1 is
responsible for the radioresistance phenotype of long-term
fractionated irradiated cells [28]. The PI3K/Akt/mTOR
pathway in prostate cancer [29] and the RAF1/ERK/IKK/
NF«xB pathway in lung cancer [30] may also be involved
in radioresistance. Thus, many factors are believed to con-
tribute to cancer cell radioresistance. Recently, cancer stem
cells (CSCs) have received attention, because they may be
involved in the radioresistance of tumors [31-35]; however,
attempts have also been made to establish radioresistant cell
lines. Researchers have selected cells that survive radia-
tion treatment and determined whether the radioresistant

phenotype persists. In an isogenic study comparing cancer
cell lines with the same genetic background, cells that sur-
vived relatively high doses of X-rays or gamma rays were
considered radioresistant cells [36—39]. In these studies, the
involvement of multiple factors in cancer cell radioresistance
was reported [40]. Although these results are of significant
importance to radiation biology, the irradiation conditions
used in these studies were sometimes different from those
of standard tumor radiotherapy (such as fractionated 2 Gy/
day of X-rays). Thus, it is doubtful whether the results can be
translated to a clinical context. In the future, cross-validation
of the results is necessary to establish robust evidence that
can be translated into clinical practice.

Establishment of clinically relevant
radioresistant (CRR) cell lines

To understand the molecular mechanisms underlying the
radioresistance of cancer cells, we previously established
CRR cell lines from several human cancer cell lines rep-
resenting different organs of origin [41]. Generally, the
standard X-ray dose for conventional fractionated radio-
therapy is 60 Gy with 2 Gy daily fractions over 5 weeks.
CRR cells can proliferate despite exposure to 2 Gy/day of
X-rays for more than 30 days in vitro [42]. To date, there
have been no reports of cancer cells that proliferate follow-
ing exposure to 2 Gy/day of X-rays for 30 days or longer.
For example, although parental HepG2, HeLa, or SAS cells
had completely died after exposure to 2 Gy/day X-rays for 30
consecutive days, CRR cells continued to proliferate stably
[42, 43]. Over a long period of time, we have succeeded in
establishing CRR cell lines from several cancer cell lines,
such as the H1299 human non-small cell lung carcinoma cell
line, HSC-2 human oral squamous cell carcinoma cell line,
and A172 human glioblastoma cell line. Now that the estab-
lishment method has been tested, CRR cell lines may be
obtained from any cancer cell line in at least 3 months using
our method [41]. To identify the factors that contribute to
cancer cell radioresistance, several studies using CRR cells
have been reported [44—47] (Table 1). CRR cells are not only
resistant to X-rays, but also to docetaxel, an anti-cancer drug

Table 1 Characteristics of

c hl Parental cell CRR cell lines CRR-NOoIR cell lines
parental cell lines, clinically lines
relevant radioresistant (CRR)
gell lines, and CRR-NoIR cell Radioresistance (single exposure) - + -
lines Radioresistance (2 Gy/day) - + -
Aym 1 ! 1
Resistance to hydrogen peroxide - + -
Doubling time compared to parental cells Slow Nearly the same
Expression of prohibitin 1 1 ! 1
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that inhibits microtubule depolymerization [48]. Radiation
exposure can induce autophagic cell death in cancer cells
[49-51], but a significant induction of autophagic cell death
was not identified in CRR cells following X-ray exposure
[52]. CRR cells implanted subcutaneously in the back of
nude mice were found to be resistant to fractionated X-rays
compared with parental cells, suggesting that the CRR phe-
notype was also maintained in vivo [53]. Although CRR
cells have been the subject of extensive research, the defini-
tive factors involved in X-ray resistance in CRR cells have
not yet been identified.

When analyzing CRR cell lines, it should be noted that
these cell lines are usually established by exposing cancer
cells to stepwise increases of X-rays. Therefore, the charac-
teristics of CRR cells are not exactly the same as the radi-
oresistant cells originally present in human tumors, such as
CSCs that have not been irradiated prior to radiotherapy.
CRR cells may resemble the properties of acquired radiore-
sistant cells that appear during radiotherapy and should be
analyzed to take advantage of their radioresistance to stand-
ard radiation therapy (2 Gy/day). CRR cell lines are a useful
tool for obtaining basic knowledge as a model of cancer
cells that are resistant to fractionated X-rays. For clinical
applications, it is necessary to verify in vitro results using
in vivo models, such as nude mice. In addition, verification
is necessary using clinical samples of human origin that are
resistant to radiation.

Radioresistance in CRR cells is reversible

CRR cells are resistant not only to fractionated 2 Gy/day
X-rays, but also to higher doses of X-rays, such as single
exposure to 10 Gy. Therefore, there is no doubt that CRR
cells can acquire radioresistance. Shimura et al. suggested
that the acquired radioresistance phenotype in cancer cells
through long-term fractionated radiation (FR) exposure
was long-lasting and possibly irreversible [54]. To maintain
radioresistance, CRR cells are irradiated daily with 2 Gy
X-rays (maintenance irradiation; MI). Therefore, some
CRR cells, such as HeLa-R or SAS-R, have been irradiated
with a total dose of more than 5000 Gy. Based on these
findings, we hypothesized that CRR cells may be able to
maintain their radioresistant phenotype despite continued
culture without MI. To test this hypothesis, CRR cells were
cultured for at least 1 year without MI and their radiation
sensitivity was examined. CRR cells cultured without MI for
6 months maintained their radioresistance; however, CRR
cells cultured without MI for more than 1 year lost radiore-
sistance [55]. The CRR cell lines that lost their radioresist-
ance were designated CRR-NoIR. If there were even a few
radioresistant cells among the CRR-NoIR cell population,
they should survive and increase in number; however, all

CRR-NoIR cells exposed to 2 Gy/day of X-rays daily died
within 30 days. A modified high-density survival assay [43]
also revealed that the radiosensitivity of CRR-NoIR cells
was nearly the same as that of the parental cells. A decreas-
ing mitochondrial membrane potential (Aym) compared
with the parental cells is one hallmark of CRR cells [48].
JC-1 staining, which can detect Aym, revealed that Aym
of CRR-NoIR cells was elevated to the same level as that of
the parental cells (Fig. 1) [55]. The amount of basal mito-
chondrial ROS (mtROS) was also increased in CRR cells
compared with the parental cells. When the amount of basal
mtROS was measured in CRR-NoIR cells, it was reduced to
the same level as that in the parental cells (Fig. 2). These
results strongly indicate that radioresistance in CRR cells is
maintained by MI, but it is reversible (Table 2).

The mechanism by which CRR cells “relose” their
acquired radioresistance is currently unknown. Live cell
imaging of CRR and CRR-NoIR cells irradiated with 10 Gy
of X-rays revealed that mitotic catastrophe was less likely
occur in CRR cells, but more likely to be induced in CRR-
NolIR cells, as in the parental cells. Because the induction of
mitotic catastrophe and the DNA repair capacity of cells are
closely related, the DNA repair capacity of CRR-NolIR cells
is considered to have returned to the same level as that of the
parental cells. CRR cells irradiated with 2 Gy of X-rays daily
(MI) adopt an adaptive response-like effect, but if this MI is
stopped, elevated DNA repair capacity returns to the paren-
tal level and radioresistance may be lost. The most interest-
ing mechanism associated with the loss of radioresistance
acquired by CRR cells involves the mitochondria. As men-
tioned above, the mitochondria of CRR cells exhibit a dif-
ferent phenotype compared with the parental cells, whereas
the mitochondria of CRR-NoIR exhibit a phenotype similar
to that of the parental cells. To determine whether the mito-
chondria are involved in radioresistance, we plan to transfer
mitochondria from CRR cells to CRR-NoIR cells to see if
CRR-NoIR cells become radioresistant. The radioresistance
of CRR cells may be maintained for 6 months without MI,
possibly as a result of epigenetic changes, such as DNA
methylation. There are several possibilities to explain how
CRR cells lose radioresistance, but we believe that epige-
netic changes are the most likely, because it takes several
months to establish CRR cells and several months for CRR
cells to lose their radioresistance.

Cancer stem cells (CSCs)

Resistance to radiation and chemotherapy is an unsolved prob-
lem in cancer treatment. In recent years, the involvement of
CSCs in refractory tumors following radiotherapy has been
suggested [56]. CSCs are a small subpopulation of cells within
tumors that have the capability of self-renewal, differentiation,

@ Springer



966

Y. Kuwahara et al.

Fig. 1 Mitochondrial membrane
potential (A¥m) was detected
by JC-1 staining. A¥m was
reduced in CRR cells com-
pared with their parental cells,
but restored to the same level

in CRR-NoIR cells as in the
parental cells

HelLa-NolIR

and tumorigenicity when transplanted into an animal host. The
clinical relevance of CSCs has been supported by recent evi-
dence demonstrating that CSCs are resistant to conventional
chemotherapy and radiotherapy and are likely the origin of
cancer metastasis [57, 58]. Shimura et al. demonstrated that
exposure of HepG2 and A172 cells to FR at 0.5 Gy of X-rays
every 12 h for 82 days enriched the CSC population (82FR-
31NR cells), because of their intrinsic radioresistance [59].
82FR-31NR cells exhibited radioresistance along with activa-
tion of the AKT/cyclin D1 survival signaling pathway. They
also reported that HepG2 and HeLa cells acquired radioresist-
ance (31FR-31NR cells) along with cyclin D1 overexpression
[54] following exposure to FR at a 0.5 Gy fractionated dose
of X-rays every 12 h and 6 days a week, followed by culture
without irradiation for more than 31 days. This study sug-
gested that fractionated irradiation confers radioresistance to
cancer cells and additional fractionated irradiation results in
CSC enrichment. Because CRR cells are exposed to long-term
FR, the CSCs may become enriched in the CRR population. If

@ Springer

CSC:s are present in CRR cells, then they should continue to be
present in CRR-NoIR cells cultured without MI. However, we
suspect that CSCs are not involved in cancer cell radioresist-
ance, because all CRR-NoIR cells disappear following expo-
sure to 2 Gy/day of X-rays for 30 days [55]. Fukumoto et al.
also reported that radioresistant cells are not necessarily CSCs
[60]. We do not deny the existence of CSCs that are resistant to
radiation; however, we believe that further analysis is required
to determine whether the radioresistant cells that appear dur-
ing cancer radiotherapy are actually CSCs. Therefore, we con-
clude that it is more reasonable to consider CSCs and acquired
radioresistant cells, such as CRR cells, as separate classes of
radioresistant cells.
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Fig.2 ROS levels in mito-
chondria were detected with
MitoSOX Red reagent. mtROS
was elevated in CRR cells com-
pared with their parental cells.
However, in CRR-NoIR cells,
mtROS was reduced to the same
level as that in the parental cells

HepG2-8960-R-NoIR’F .

e
<

7

Table 2 The factor(s) involved

. o Factor Clinically relevant radi- Cells References
in the cl}mcally relevant oresistant cells
radioresistance
Interferon-stimulated exonu- 1 SAS-R Miyashita et al. [45]
clease gene 20 (ISG20)
miR-7-5p 1 HeLa-R, SAS-R Tomita et al. [46]
Insulin-like growth factor 1 SAS-R, HSC2-R Sakata et al. [70]
(IGF) binding protein-3
(IGFBP-3)
EGF receptor (EGFR) 1 HepG2-8960-R Saito et al. [71]

Karyotype of CRR cells

The exposure of cells to X-rays may induce chromosomal
abnormalities [61]. Therefore, it is unlikely that the karyo-
type of CRR cells exposed to 2 Gy/day of X-rays for more
than a year would remain similar to that of the parental

cells. A previously published study suggested that DNA
double-strand breaks (dsbs) induced by 2 Gy/day of FR
were repaired with high fidelity in radioresistant, but not
in parental cells [62]. The mutation frequencies at the
hypoxanthine phosphoribosyltransferase locus induced
by X-rays were lower in HepG2-8960-R cells compared
with that in HepG2 cells. Our previous study also showed
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that DNA dsbs induced in CRR cells by X-ray irradia-
tion were efficiently repaired [42]. These results suggest
that chromosomal rearrangement does not occur as fre-
quently following the acquisition of radioresistance in
CRR cells. However, the karyotype of CRR cells was
quite different compared with that of parental cells. To
study the incidence of chromosomal aberrations in CRR
cells, such as aneuploidy, translocation, and partial dele-
tion, karyotyping was conducted by Giemsa staining.
The G-banding pattern revealed that the chromosomes
of the parental HepG2 cells were not markedly altered
compared with normal human cells and it was possible
to identify each chromosome. In contrast, karyotyping
of HepG2-8960-R cells revealed an extremely complex
reconstruction of the chromosomes, making it impossi-
ble to identify each chromosome [63]. These observations
strongly suggested that during the establishment of CRR
cell lines, the chromosomes of CRR cells are repeatedly
cleaved and recombined. To analyze chromosome recon-
struction in more detail, we performed a chromosome
comparative genomic hybridization (CGH) analysis of
HepG2 and HepG2-8960-R genomes. CGH can be used
to detect reduced copy number, excess, and amplification
of chromosomes. CGH analysis indicated that the genomes
of HepG2-8960-R cells exhibited reduced copy number,
excess, and amplification on all chromosomes [63]. These
results indicate that although CRR cells have the same
genetic background as the corresponding parental cells,
their chromosomal composition is completely different.
Therefore, parental cells and their resistant counterparts
are completely different cells, even though they share the
same genetic background.

Future plans to identify the factors involved
in cancer cell radioresistance

A number of studies have established and analyzed radiore-
sistant cells, in which the genetic backgrounds were identical
to that of their parental cell lines [37, 40]. In some studies,
cells were exposed to low daily doses of X-rays, and the
exposure dose was gradually increased up to 1.5-2 Gy to
establish radioresistant cells. Gray et al. established radi-
oresistant cell lines by exposing MDA-MB-231, MCF-7,
and ZR-751 parental cells to increasing weekly doses of
radiation [15]. Todorovic et al. obtained a radioresistant
cell line by exposing FaDu cells to 2 Gy/day for 5 days/
week for 3 weeks [38]. To date, various factors involved
in radiation resistance have been reported, such as altera-
tions in Wnt signaling [64], Hedgehog signaling [65], and
AKT/cyclin D1/Cdk4 survival signaling [59], but no com-
mon factors have been identified. Using miRNA arrays and
gPCR, Tomita et al. found that miR-7-5p is involved in
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cancer cell radioresistance [66]. MiR-7-5p downregulates
mitoferrin and reduces Fe?*, which attenuates ferroptosis. In
addition, Fukumoto et al. reported that guanine nucleotide-
binding protein 1 is involved in cancer cell radioresistance
[60]. Shimura et al. demonstrated that a moderate level of
long-term FR confers radioresistance to tumor cells, which
is caused by DNA-PK/AKT/GSK3f-mediated cyclin D1
overexpression [54]. However, in CRR cells, the overexpres-
sion of cyclin D1 was not detected (Fig. 3). We established
and analyzed several types of CRR cells from human cancer
cell lines derived from various tissues to identify common
factors associated with radioresistance. Several laboratories
have also used the same approach. Some of these studies
included microarray and metabolome analysis; however, no
candidate genes or signaling pathways that are commonly
silenced/activated in all CRR cells have been found.

CRR cells must be subjected to MI to maintain their radi-
oresistant phenotype. As mentioned above, during the devel-
opment of CRR cells, genomic rearrangements can occur
in these cells. Karyotyping and CGH analysis revealed that
parental cells and their corresponding CRR cells are consid-
erably different at the chromosomal level. Moreover, there
are many differences in gene copy number. Therefore, when
we compared the parental cells with CRR cells undergoing
MI, the gene expression changes may be noise, which may
prevent us from identifying the factors involved in the radi-
oresistance of CRR cells. It should be noted that CRR cell
lines, once established, are completely different from the
parental cell lines. In terms of cell morphology, the volume
of CRR cells is smaller compared with that of parental cells
[67]. We compared the parental cells with CRR cells under-
going MI in order to identify factors involved in clinically
relevant radioresistance; however, common factors involved
in radiation resistance in several types of CRR cell lines have
not been identified. Therefore, it is likely that a comparison
between parental and CRR cell lines is not a suitable way to
identify the factors involved in cancer cell radioresistance.

CRR cells can lose their radioresistance after more than a
year in culture without MI. CRR cells also exhibit hydrogen

HepG2
8960-R CRR
Parent 8960-R NoIR Parent CRR NoIR

o

Cyclin D1 s

B-actin —— Pra—

Fig.3 Expression of cyclin D1 in parental, CRR, and CRR-NoIR
cells. There was no difference in the expression levels of cyclin D1 in
the parental, CRR, and CRR-NolIR cells
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peroxide resistance, which can be lost after a year or more in
culture without MI [55]. A decreasing mitochondrial mem-
brane potential is the hallmark of CRR cells; however, in
CRR-NoIR cells, Aym increased to almost the same level
as in parental cells [55]. These results suggest that CRR
cells cultured in the absence of MI for more than 1 year
lose their CRR phenotype. In addition, chromosomal aber-
rations are unlikely to occur as much in CRR cells during
1 year of culture without MI. The genome composition of
CRR-NOoIR cells, which are not radioresistant, may be closer
to CRR cells compared with parental cells. Therefore, to
identify the factors involved in cancer cell radioresistance, it
may be better to compare CRR cells with CRR-NolIR cells,
not the corresponding parental cells. A comparison of CRR
cells and CRR-NoIR cells would involve cell lines with sim-
ilar copy numbers of genes, chromosomes, and genomes
but with different radiation sensitivities. We reported that
CRR-NoIR cells exhibited lower (like parental) miR7-5p
expression compared with CRR cells, and when miR7-5p
was down-regulated by siRNA in CRR cells, the radiore-
sistance was lost [66, 67]. We also reported that miR7-5p
downregulates Fe>* levels through its target gene mitofer-
rin [67]. Knockdown of mitoferrin resulted in radioresist-
ant in parental cells [66]. and knockdown of miR7-5p in
CRR cells increase Aym [55, 67]. Because mitochondria
are the primary iron-utilizing intracellular organelle [68], we
hypothesize that during the process of CRR to CRR-NoIR
conversion, changes in iron metabolism and mitochondrial
functional occur, which leads to increased iron-dependent
cell death (ferroptosis). To our knowledge, this type of com-
parison has not been done previously, but it is a simple way
to identify factors of radioresistance in cancer cells.

Conclusions

Radioresistant cell lines used in other studies are not CRR
cells and are expected to differ considerably in genome
organization compared with their parental cells. In such
cases, it may have been easier to identify the factors involved
in radioresistance if the radioresistant cells had been cul-
tured until they lost their radioresistance and then compared
with the radioresistant cells.

Cancer cells are not only forced to change their behav-
ior by direct irradiation, but also receive bystander effects
through irradiation of the surrounding cells [69]. When the
supernatant from the CRR cell culture was used to culture
parental cells, the parental cells did not exhibit radioresist-
ance. To determine the possibility of bystander effects in
radioresistance, we are in the process of establishing CRR
cells from multiple cells labeled with different fluorescent
dyes. We plan to perform live cell imaging by co-culturing
fluorescent CRR cells with nonfluorescent parental cells to

gain new insight into whether parental cells in contact with
CRR cells acquire radioresistance.
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