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Chapter 17
Preparation and Genome Analysis 
of Immortalized Cells Derived from Wild 
Macaques Affected by the Fukushima 
Daiichi Nuclear Power Plant Accident

Tomokazu Fukuda

Abstract  The evaluation of the potential biological effect of radiation is important 
for human health. We previously reported the deposit of radionuclides in animals 
from the ex-evacuation zone of the FNPP accident. In case of internal exposure, the 
dose of the radiation is largely affected by the metabolism of the radionuclides. We 
can assume that the radiation-exposed tissue is the mixed population of cells, which 
have genetic mutations in multiple and different sites of the genome. To detect the 
mutations of each cell, we need a new technology which allows us to detect the 
genetic alternation of the genome at the single cell level. We previously found that 
the expression of human-derived mutant CDK4, and overexpression of Cyclin D1 
and TERT allow us to immortalize cells derived from multiple species. By applying 
this immortalization method to radiation-exposed tissues, we can obtain the multi-
ple immortalized cell lines from the primary tissues. Since each cell line is expected 
to be derived from a single cell of the tissue, each cell line is expected to keep muta-
tion spectrum of the genome occurring in the cell of origin after irradiation.
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17.1  �Background

The evaluation of the potential biological effect of radiation is important for human 
health. Especially, in Japan, the Fukushima Daiichi Nuclear Power Plant (FNPP) 
accident leads public to recognize the importance of risk assessment and radiation 
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safety [1]. We previously reported the deposit of radionuclides in animals from the 
ex-evacuation zone of the FNPP accident [2–9]. In general, radiation exposure can 
be classified into the two aspects, internal and external exposure. Although radiation 
effects on human have been analyzed by epidemiological studies on health of 
the atomic bomb survivors of Hiroshima and Nagasaki (Hibakusha), such as solid 
cancer incidence [10], these studies are mainly based on the result of acute and exter-
nal exposure. However, in case of chronic and internal exposure, radiation dose is 
largely affected by the metabolism of the radionuclides.

The cellular effect caused by radiation exposure is represented mainly by 
DNA damage, such as strand breaks. Although the damaged DNA can be repaired 
through several biological pathways, such as homologous recombination and/or 
nonhomologous end joining [11], the damage of DNA caused by radiation exposure 
has a risk to induce the alteration of sequence information of genome, including 
base substitutions and nucleotide deletion. Exposure to 1  Gy of X-ray radiation 
reportedly induces 1,000 single strand breaks in an irradiated cell [12]. Furthermore, 
the clustered damaged sites on the genome can lead multiple nucleotide substitu-
tions in the genome [12, 13]. As far as we know, the position of nucleotide substitu-
tions or insertion/deletion mutations is random, and the sensitive area is not reported 
yet [14]. Therefore, in in vivo tissues, we can assume that the radiation-exposed 
tissue is the mixed population of cells, which have genetic mutations in multiple and 
different sites of the genome. To detect mutations of each cell, we need a new tech-
nology which allows us to detect genetic alternations at the single cell level.

17.2  �Immortalization of Wild Macaque-Derived Cell 
with the Expression of Mutant Cyclin-Dependent 
Kinase and Cyclin D and Telomerase

Primary cells cannot proliferate infinitely due to cellular stress and senescence dur-
ing the cell culture [15]. However, the expression of oncogenic proteins such as 
SV40 large T or E6/E7 proteins of human papilloma virus (HPV) allows us to grow 
a cell, which is close to immortalization [16, 17]. Although the immortalization by 
these oncogenic molecules is quite reproducible and efficient, the genomic and chro-
mosomal status becomes instable and sometimes causes abnormalities. Especially, 
the expression of E6/E7 causes polyploid abnormality of the genome [18]. 
Furthermore, these methods induce the inactivation of p53 protein which is one of 
the most important molecules to keep the integrity of the genome and is even called 
as the guardian of the genome. Furthermore, the combination of shRNA of p16 and 
c-Myc oncogene was reported to induce the immortalization of human mammary 
epithelial cells (HMEC) [19]. However, even in this method, additional chemical 
treatment of benzo(a)pyrene to HMEC was required for the immortalization, which 
possibly explained by the additional genetic alteration is required for the infinite cell 
proliferation [19].
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We previously found that the combination of expression of R24C mutant type of 
cyclin-dependent kinase 4 (CDK4), Cyclin D1 and enzymatic complex of telomer-
ase (TERT) allows us to bypass the negative feedback of the senescence protein, p16 
[20]. To be noted, the amino acid sequence of the cell cycle regulators, such as 
CDK4 and Cyclin D are quite conservative among species. Based on this evolu-

Fig. 17.1  Expected accelerated cell growth mechanism of mutant human-derived CDK4, Cyclin D 
and TERT over the multiple species. (a) Cell growth arrest under the cellular senescence and/or 
cellular stress. The protein level of p16 increases under the senescence. The p16 protein binds to the 
pocket of the CDK4 and negatively regulates the activity of CDK4-Cyclin D complex. The inacti-
vated CDK4-Cyclin D complex cannot induce the phosphorylation of pRB resulting in its inactiva-
tion. Under the intact condition of pRB, E2F is not released from the binding status, resulting in no 
transcription of the downstream genes and growth arrest of the cells. (b) Enhanced cellular prolif-
eration with mutant CDK4 and Cyclin D1 and TERT overexpression. Due to the R24C mutation of 
the human-derived CDK4, p16 protein cannot suppress the activity of protein complex of mutant 
CDK4 and Cyclin D. The exogenously introduced human-derived mutant CDK4-Cyclin D complex 
with endogenous pRB phosphorylates pRB. Due to the phosphorylation and inactivation of pRB, 
the transcription factor, E2F would be released from the complex and induce cell proliferation. This 
figure was reproduced from our previous publication with slight modification [22]
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tional conservancy of the molecules, we found that the expression of human-derived 
mutant CDK4 and overexpression of Cyclin D1 and TERT allow us to immortalize 
cells derived from multiple species [21–23]. Furthermore, the expression of mutant 
type CDK4 and Cyclin D1 allows us to bypass the negative regulation of p16 and 
pRB (retinoblastoma protein) while keeping the function of p53 protein intact. 
Since p53 is an important molecule to maintain the genome, we confirmed that the 
chromosome condition of immortalized cells is intact in comparison with wild-type 
cells [24]. This situation led us to assume that the expression of mutant CDK4, 
Cyclin D1 and TERT could immortalize a cell from the irradiated tissue. From the 
characters of introducing genes, we named the immortalized cells as the  K4DT 
(mutant CDK4, Cyclin D1 and TERT) cells, and this immortalization technique is 
called as the K4DT method (Fig. 17.1).

Applying the K4DT method to radiation-exposed tissues, we can obtain multiple 
immortalized cell lines from the primary tissues. Since each cell line is expected to 
be derived from a single cell of the tissue, each cell line is expected to keep mutation 
spectrum of the genome occurring in the cell of origin after irradiation. The immor-
talized cells can be also obtained from the tissues of non-irradiated control animals. 

Fig. 17.2  Strategy of whole genome analysis to identify the radiation-induced genomic alteration 
with the next-generation sequencing. (a) Note that the irradiated tissue is the mixed population of 
cells with mutations at the random position of the genome. After the establishment of immortalized 
cells from a single cell, we can identify the genomic alteration caused by radiation exposure. (b) 
Strategy of a single cell-derived immortalized cells from the K4DT method. (c) Cell morphology 
which showed the proliferation as a single cell-derived colony. The colony has been marked by 
black marker from the bottom of the plastic dish
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Based on the whole genome sequencing of cloned control and a single cell from 
radiation-exposed tissues, genomic mutations caused by radiation exposure could 
be detected. The genetic alterations at the single cell level caused by irradiation can 
be detected by the combination of the K4DT immortalization method and whole 
genome sequencing (Fig. 17.2a).

Currently, we are underway to establish immortalized cell lines derived from 
wild macaques with internal and external exposure to radioactive cesium from the 
affected area of the FNPP accident to elucidate genetic alternation caused by low-
dose  (LD) and low-dose-rate (LDR)  radiation exposure (Fig.  17.2b). We have 
obtained multiple skeletal muscle-derived cell lines as part of the effort. We are 
interested in skeletal muscle because it is nondividing and accumulates the highest 
concentration of radioactive cesium in the body.

References

	 1.	Bowyer TW, Biegalski SR, Cooper M et al (2011) Elevated radioxenon detected remotely fol-
lowing the Fukushima nuclear accident. J Environ Radioact 102:681–687

	 2.	Fukuda T (2018) Estimation of concentration of radionuclides in skeletal muscle from blood, 
which based on the data from abandoned animals in Fukushima. Anim Sci J.  https://doi.
org/10.1111/asj.13018

	 3.	Fukuda T, Hiji M, Kino Y et al (2016) Software development for estimating the concentra-
tion of radioactive cesium in the skeletal muscles of cattle from blood samples. Anim Sci 
J 87:842–847

	 4.	Fukuda T, Kino Y, Abe Y et al (2015) Cesium radioactivity in peripheral blood is linearly corre-
lated to that in skeletal muscle: analyses of cattle within the evacuation zone of the Fukushima 
Daiichi Nuclear Power Plant. Anim Sci J 86:120–124

	 5.	Fukuda T, Kino Y, Abe Y et al (2013) Distribution of artificial radionuclides in abandoned cat-
tle in the evacuation zone of the Fukushima Daiichi Nuclear Power Plant. PLoS One 8:e54312

	 6.	Koarai K, Kino Y, Takahashi A et al (2016) 90Sr in teeth of cattle abandoned in evacuation 
zone: record of pollution from the Fukushima-Daiichi Nuclear Power Plant accident. Sci Rep 
6:24077

	 7.	Takahashi S, Inoue K, Suzuki M et al (2015) A comprehensive dose evaluation project con-
cerning animals affected by the Fukushima Daiichi Nuclear Power Plant accident: its set-up 
and progress. J Radiat Res 56:i36–i41

	 8.	Urushihara Y, Kawasumi K, Endo S et al (2016) Analysis of plasma protein concentrations and 
enzyme activities in cattle within the ex-evacuation zone of the Fukushima Daiichi Nuclear 
Plant Accident. PLoS One. https://doi.org/10.1371/journal.pone.0155069

	 9.	Yamashiro H, Abe Y, Fukuda T et al (2013) Effects of radioactive caesium on bull testes after 
the Fukushima nuclear plant accident. Sci Rep 3:2850

	10.	Ozasa K, Shimizu Y, Suyama A et al (2012) Studies of the mortality of atomic bomb survivors, 
report 14, 1950-2003: an overview of cancer and noncancer diseases. Radiat Res 177:229–243

	11.	Popp HD, Brendel S, Hofmann W-K et al (2017) Immunofluorescence microscopy of γH2AX 
and 53BP1 for analyzing the formation and repair of DNA double-strand breaks. J Vis Exp. 
https://doi.org/10.3791/56617

	12.	Eccles LJ, O’Neill P, Lomax ME (2011) Delayed repair of radiation induced clustered DNA 
damage: friend or foe? Mutat Res Fundam Mol Mech Mutagen 711:134–141

	13.	Georgakilas AG, O’Neill P, Stewart RD (2013) Induction and repair of clustered DNA lesions: 
what do we know so far? Radiat Res 180:100–109

17  Preparation and Genome Analysis of Immortalized Cells Derived from Wild…

https://doi.org/10.1111/asj.13018
https://doi.org/10.1111/asj.13018
https://doi.org/10.1371/journal.pone.0155069
https://doi.org/10.3791/56617


220

	14.	Adewoye AB, Lindsay SJ, Dubrova YE et  al (2015) The genome-wide effects of ionizing 
radiation on mutation induction in the mammalian germline. Nat Commun 6:6684

	15.	Hayflick L, Moorhead PS (1961) The serial cultivation of human diploid strains. Exp Cell Res 
25:585–621

	16.	Zhang H, Jin Y, Chen X et al (2007) Papillomavirus type 16 E6/E7 and human telomerase 
reverse transcriptase in esophageal cell immortalization and early transformation. Cancer Lett 
245:184–194

	17.	Fukuda T, Katayama M, Yoshizawa T et al (2012) Efficient establishment of pig embryonic 
fibroblast cell lines with conditional expression of the simian vacuolating virus 40 large T frag-
ment. Biosci Biotechnol Biochem 76:1372–1377

	18.	Bester AC, Roniger M, Oren YS et al (2011) Nucleotide deficiency promotes genomic instabil-
ity in early stages of cancer development. Cell 145:435–446

	19.	Garbe JC, Vrba L, Sputova K et al (2014) Immortalization of normal human mammary epithe-
lial cells in two steps by direct targeting of senescence barriers does not require gross genomic 
alterations. Cell Cycle 13:3423–3435

	20.	Shiomi K, Kiyono T, Okamura K et al (2011) CDK4 and cyclin D1 allow human myogenic 
cells to recapture growth property without compromising differentiation potential. Gene Ther 
18:857–866

	21.	Fukuda T, Iino Y, Eitsuka T et al (2016) Cellular conservation of endangered midget buffalo 
(Lowland Anoa, Bubalus quarlesi) by establishment of primary cultured cell, and its immor-
talization with expression of cell cycle regulators. Cytotechnology 68:1937–1947

	22.	Fukuda T, Eitsuka T, Donai K et  al (2018) Expression of human mutant cyclin dependent 
kinase 4, Cyclin D and telomerase extends the life span but does not immortalize fibroblasts 
derived from loggerhead sea turtle (Caretta caretta). 8:9229

	23.	Kuroda K, Kiyono T, Isogai E et al (2015) Immortalization of fetal bovine colon epithelial 
cells by expression of human cyclin D1, mutant cyclin dependent kinase 4, and telomerase 
reverse transcriptase: an in vitro model for bacterial infection. PLoS One 10:e0143473

	24.	Fukuda T, Iino Y, Eitsuka T et al (2016) Cellular conservation of endangered midget buffalo 
(Lowland Anoa, Bubalus quarlesi) by establishment of primary cultured cell, and its immor-
talization with expression of cell cycle regulators. Cytotechnology 68:1937–1947

Open Access  This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative 
Commons license, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter’s Creative Commons license and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder.

T. Fukuda

http://creativecommons.org/licenses/by/4.0/

	Chapter 17: Preparation and Genome Analysis of Immortalized Cells Derived from Wild Macaques Affected by the Fukushima Daiichi Nuclear Power Plant Accident
	17.1 Background
	17.2 Immortalization of Wild Macaque-Derived Cell with the Expression of Mutant Cyclin-Dependent Kinase and Cyclin D and Telomerase
	References


