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Establishment of an immortalized cell line derived
from the prairie vole via lentivirus-mediated
transduction of mutant cyclin-dependent kinase 4,
cyclin D, and telomerase reverse transcriptase

Masafumi KATAYAMA'!?), Tohru KIYONO?, Kengo HORIE", Takashi HIRAYAMA!%),
Takahiro EITSUKA®), Kengo KURODA!?), Kenichiro DONAI'?), Shizu HIDEMAD,
Katsuhiko NISHIMORIY, and Tomokazu FUKUDAD

DGraduate School of Agricultural Science, Tohoku University, 1-1 Tsutsumidori-amamiyamachi, Aoba-ku, Sendai
981-8555, Japan

2 Japan Society for the Promotion of Science, 5-3-1, Kojimachi, Chiyoda-ku, Tokyo 102-0083, Japan

Y Division of Carcinogenesis and Cancer Prevention, National Cancer Center Research Institute, Tsukiji, Chuo-ku,
Tokyo 104-0045, Japan

Y Department of Obstetrics and Gynecology, Juntendo University, 2-1-1, Hongo, Bunkyo-ku, Tokyo 113-8421, Japan

YFaculty of Applied Life Sciences, Niigata University of Pharmacy and Applied Life Sciences, 265-1, Higashijima,
Akiha-ku, Niigata 956-8603, Japan

Abstract: The prairie vole (Microtus ochrogaster) shows social behaviors such as monogamy and
parenting of infants with pair bonding. These social behaviors are specific to the prairie vole and have
not been observed in other types of voles, such as mountain voles. Although the prairie vole has
several unique characteristics, an in vitro cell culture system has not been established for this species.
Furthermore, establishment of cultured cells derived from the prairie vole may be beneficial based
on the three Rs (i.e., Replacement, Reduction, and Refinement) concept. Therefore, in this study,
we attempted to establish an immortalized cell line derived from the prairie vole. Our previous research
has shown that transduction with mutant forms of cyclin-dependent kinase 4 (CDK4), cyclin D, and
telomerase reverse transcriptase (TERT) could efficiently immortalize cells from multiple species,
including humans, cattle, pigs, and monkeys. Here, we introduced these three genes into prairie
vole-derived muscle fibroblasts. The expression of mutant CDK4 and cyclin D proteins was confirmed
by western blotting, and telomerase activity was detected in immortalized vole muscle-derived
fibroblasts (VMF-K4DT cells or VMFs) by stretch PCR. Population doubling analysis showed that the
introduction of mutant CDK4, cyclin D, and TERT extended the lifespan of VMFs. To the best of our
knowledge, this is the first report describing the establishment of an immortalized cell line derived
from the prairie vole through the expression of mutant CDK4, cyclin D, and human TERT.
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Introduction

The prairie vole (Microtus ochrogaster) is an experi-
mental rodent exhibiting unique social behavior. Voles
form socially monogamous pair bonds [1], which may
be explained by intracranial signals, such as the vaso-
pressin and oxytocin hormone signals [6, 21]. Interest-
ingly, this social behavior has never been observed in
other types of voles, such as mountain voles. Although
the social behaviors of prairie voles are regulated by a
high-grade neural mechanism, the detailed mechanisms
occurring in the cerebral tissue are largely unknown.

Therefore, it is necessary to study the regulatory
mechanisms that control these behaviors. Such experi-
ments examining the neural mechanisms of social be-
havior require prairie voles to be subjected to painful
experiments, such as neurosurgery. To reduce animal
suffering, the concept of the three Rs (i.e., Replacement,
Reduction, and Refinement) should be followed. Accord-
ingly, establishment of an immortalized cell line derived
from prairie voles would facilitate the study of these
mechanisms in vitro, replacing animal studies with cel-
lular analyses. Although primary cells from prairie vole
tissues can be studied, these cells have not been shown
to have the capacity for continued cell proliferation due
to the occurrence of cellular senescence.

The characteristics of cellular senescence were first
described by Heyflick [9, 10]. The expression of onco-
genic proteins, such as SV40T or human papillomavirus-
derived E6/E7 proteins, has been reported to efficiently
immortalize primary cells [20]. However, the expression
of these oncogenes sometimes changes the original fea-
tures of cells, a process characterized as “oncogenic
transformation”. In 2011, Shiomi et al. reported that
human fibroblasts can be immortalized using mutants of
cyclin-dependent kinase (CDK) 4, cyclin D, and telom-
erase reverse transcriptase (TERT) with an intact karyo-
type [18]. Furthermore, such immortalized cells show
differentiation capacity, suggesting that the expression
of mutant CDK4, cyclin D, and TERT facilitates cellular
immortalization while maintaining the original pheno-
type of the primary cells.

In senescent cells, p16 protein expression is increased.
The p16 protein binds to CDK4 and inhibits the enzy-
matic activity of the CDK4/cyclin D complex, thereby
reducing the turnover rate of the cell cycle. Therefore,
it is necessary to characterize the level of conservation
for these cell cycle-related genes. Among multiple spe-

cies, the primary amino acid sequences of these proteins
are well conserved, showing around 90% identity. Based
on this finding, we showed that expression of mutant
CDKA4, cyclin D, and TERT could facilitate the establish-
ment of immortalized cells from multiple species, includ-
ing cattle, swine, and monkeys [5, 12]. In this study, we
attempted to establish immortalized cells derived from
the prairie vole by expressing mutant CDK4, cyclin D,
and TERT.

Material and Methods

Preparation of vole fibroblasts and culture conditions

The handling and maintenance of prairie voles were
approved by the animal committee of Tohoku Univer-
sity. A small (1 x 1 cm) piece of skeletal muscle tissue
was dissected from adult voles (approximately 1 year of
age). The muscle tissue was placed on a collagen-treat-
ed plastic dish. Both the primary and immortalized cells
were cultured in Dulbecco’s modified Eagle medium
(DMEM; Nacalai Tesque, Kyoto, Japan) containing 10%
fetal bovine serum (Corning, Corning, NY, USA), and
1% Antibiotic-Antimycotic Mixed Stock Solution (Na-
calai Tesque). All cells were maintained at 37°C with
5% CO,.

Establishment of an immortalized cell line derived from
the prairie vole

In order to immortalize vole-derived fibroblasts, CSII-
CMV-hCDK4R24C, CSII-CMV-cyclinD1, and CSII-
CMV-TERT were used to produce recombinant lentivi-
ruses by transient expression in 293T cells. A detailed
description of this method of virus production was pro-
vided in our previous manuscripts [5, 17]. The produc-
tion of recombinant lentiviruses using vesicular stoma-
titis virus G glycoprotein was described in a previous
study by Miyoshi [13].

Population doubling (PD) assay

Primary and immortalized vole cells were seeded in
six-well plates at a density of 5 x 10* cells per well.
When the cells reached confluence, both the primary and
immortalized cells were trypsinized, and the number of
cells per dish was counted using a cell counter. PD was
used as the measure the cell growth rate and was calcu-
lated using the formula PD=!/,log, (A / B), where A is
the number of harvested cells and B is the number of
plated cells [8, 16]. We analyzed the PD in triplicate and
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calculated the average and standard deviation (SD).
Therefore, the PD value represents the number of cell
divisions.

Cell cycle analysis

Cell cycle analyses of both the parental primary fibro-
blasts and the immortalized cells were performed using
a Muse Cell Cycle Assay Kit (Merck Millipore Corpora-
tion, Darmstadt, Germany) and Muse Cell Analyzer
(Merck Millipore Corporation) according to the manu-
facturer’s protocols.

Senescence-associated [f-galactosidase staining

Senescence-associated -galactosidase staining was
conducted to detect cellular senescence [4] using a Se-
nescence Detection Kit (BioVision, Inc., Milpitas, CA,
USA) according to the manufacturer’s protocol.

Western blotting

We performed western blotting to detect the expres-
sion of proteins encoded by the introduced genes (i.c.,
CDK4 and cyclin D). Mouse anti-human cyclin D anti-
bodies (1:4,000 dilution; BD Biosciences, Franklin
Lakes, NJ, USA), mouse anti-human CDK4 antibodies
(1:8,000 dilution; MBL, Nagoya, Japan), and mouse
anti-o-tubulin antibodies (1:1,000 dilution; Santa Cruz
Biotechnology, Dallas, TX, USA) were used as the pri-
mary antibodies. Detailed methods for protein extraction,
sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE), and application of secondary anti-
bodies have been previously published [5].

Detection of telomerase activity

Telomerase activity was determined by stretch PCR
using a TeloChaser Kit (Toyobo, Osaka, Japan), which
included a 65-base pair internal control to facilitate quan-
tification of activity. Briefly, 1 x 10° cells were homog-
enized in a lysis solution (Toyobo). The cell lysate
(20 ul; equivalent to 1.0 x 10° cells) was subjected to
stretch PCR. Amplification was performed using the fol-
lowing thermal cycling conditions: 2.5 min of denatur-
ation at 95°C, followed by 30 s of denaturation at 95°C,
30 s of annealing at 58°C, and 45 s of extension at 72°C.
The PCR products were separated using 10% acrylamide
gel electrophoresis and stained with GelRed (Biotium,
Inc., Hayward, CA, USA). The results of the staining
were visualized using a ChemiDoc MP system (Bio-Rad,
Hercules, CA, USA).

Karyotype analysis

We analyzed two immortalized vole cell lines. Cells
were treated with colcemid prior to collection. After
fixation, the cells were stained using G-band analysis
methods. The chromosome number was determined from
50 mitotic cells. Detailed chromosome conditions with
G-banding patterns were determined from 20 mitotic
samples (metaphase).

Statistical analysis

The statistical significance of SA-B-Gal staining was
evaluated using the Mann-Whitney U test. The level of
significance was 5%.

Results

Immortalization of vole fibroblasts by transduction with
mutant CDK4, cyclin D, and TERT

First, we attempted to immortalize vole fibroblasts
obtained from muscle tissue (Fig. 1A) by expression of
mutant CDK4, cyclin D, and TERT (Fig. 1B). The ex-
pression levels of these genes did not induce any chang-
es in cell morphology (Figs. 1A and B). We success-
fully obtained two cell lines (VMF-K4DT No. 1 and No.
2). VMF-K4DT No. 1 cells were established from a male
vole, whereas VMF-K4DT No. 2 cells were established
from a female vole.

Next, we analyzed the VMF-K4DT No. 1 cell line
using population doubling level (PDL) assays. While the
proliferation of primary fibroblasts was arrested, VMF-
K4DT No. 1 cells maintained stable cell proliferation
(Fig. 1C). These data suggested that vole fibroblasts
could be efficiently immortalized by the introduction of
mutant CDK4, cyclin D, and TERT. In sequential pas-
saging, VMF-K4DT No. 2 cells did not show any signs
of cellular senescence up to passage 5 (data not shown).

Detection of CDK4, cyclin D, and TERT

As shown in Fig. 1, vole fibroblasts could be immor-
talized by introduction of mutant CDK4, cyclin D, and
TERT. First, we evaluated the protein expression levels
of mutant CDK4, cyclin D, and TERT, which were in-
troduced by lentiviral infection. CDK4 and cyclin D were
detected in VMF-K4DT No. 1 cells at the expected mo-
lecular weights; however, the expression of these pro-
teins was not detected in primary cells (Fig. 2A). Thus,
we concluded that these proteins were expressed as a
result of lentiviral infection. Furthermore, we analyzed
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Fig. 1. Cell morphology and proliferation of
(VMF-K4DT No.1)

vole primary and vole-derived immor-
talized cells. (A) Primary vole cell mor-
phology in early passage. Bar=100 ym.
(B) Immortalized vole cell morphology.
Bar=100 ym. (C) Population doubling
assay of vole primary cells and immor-
e e s e R talized cells. Black squares are immor-
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Fig. 2. Detection of the expression of mutant CDK4, cyclin D, and TERT in immortalized vole
cells. (A) Detection via western blotting (CDK4 and cyclinD). Alpha-tubulin was used as
a loading control. Vole primary cells are shown in the left lane, and immortalized vole cells
are shown in the right lane. (B) Detection of telomerase activity. M, ladder (FX174/Hinf'1

digest); 1, negative control; 2, positive control (HeLa cells); 3, primary vole cell; and 4,
immortalized vole cell.



ESTABLISHMENT OF PRAIRIE VOLE CELLS 91

A Vole primary cells
GO0/G1

¥ G2/M

' o e ol ol s s 'l ol

012345678 910

B Vole immortalized cells

H GO/G1

e
i e
1gg

40

20

Positive cell ratio (%

Primary Immortalized

telomerase activity in order to confirm that TERT was
expressed in vole fibroblasts. Telomerase elongates the
telomere sequence, which is a repetitive sequence at the
ends of chromosomes. The telomerase complex consists
of two components: telomerase RNA component (TERC)
and TERT. In stretch PCR assays, telomerase activity
was observed in TERT-induced cells (Fig. 2B), demon-
strating that telomerase activity could be detected from
transfection with TERT and from endogenous vole TERC
in vole fibroblasts.

Cell cycle analysis and lack of cellular senescence in
VMF-K4DT No. I cells

Next, we compared the cell cycle distributions of vole
primary cells and VMF-K4DT cells. There were no sig-
nificant differences in the percentages of cells within the
Gy/Gy, S, and G,/M phases for primary cells and VMF-

Fig. 3. Cell cycle analysis and senescence-as-
sociated staining of vole primary and
immortalized cells. (A, B) Cell cycle
analysis of vole primary (A) and immor-
talized cells (B). (C, D, and E) The SA-
beta-Gal stain of PD vole cells (C and
D). Arrow shows cells stained positive
among primary cells. Bar=50 ym. Ratios
of cells with positive SA-beta-Gal stain-
ing in primary cells and immortalized
cells (E). P<0.05.

K4DT No. 1 cells (Figs. 3A, B and Table 1), suggesting
that cell cycle turnover was maintained in VMF-K4DT
No. 1 cells. Subsequently, we used SA-B-Gal staining in
order to detect cellular senescence in later stages with
PDL assays. SA-B-Gal staining is a common method for
detecting cellular senescence [4]. The positive cell ratio
of SA-B-Gal staining in primary cells was significantly
increased compared with that in VMF-K4DT No. 1 cells
(Figs. 3C-E). These results suggested that VMF-K4DT
No. 1 cells were less sensitive to cellular senescence than
primary cells.

Karyotype analysis of immortalized vole cells

We analyzed the chromosomal karyotypes of the im-
mortalized cells from both male and female voles
(Table 3). Importantly, normal chromosome patterns were
observed in about 30% of mitotic cells of the VMF-K4DT
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Rat MROFLEJGLDFLHANCIVHRDLKPENILVTSENGTVKLADFGLARIYSYQOMALTPVVVTLWY
Vole MROFLBJGLDFLHANCIVHRDLKPENILVTSNGTVKLADFGLARIYSYOMALTPVVVTLWY)
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Pig RAPEVLLOSTYATPVDMWSVGCIFAEMFRRKPLFCGNSEADQLGKIFDLIGLPPEDDWPR]
Rat RAPEVLLOSTYATPVDMWSVGCIFAEMFRRKPLFCGNSEADQLGKIFDLIGLPPEDDWPR]
Vole RAPEVLLOSTYATPVDMWSVGCIFAEMFRRKPLFCGNSEADQLGKIFDLIGLPPEDDWPR]
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Human DlVSLPRGAF
Bovine D\ AINB{eF-N3
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Rat IJVSLPRGAF
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Fig. 4. Alignment of human, bovine, pig, rat, and vole CDK4 amino acid sequences. Amino acid sequences were obtained
from NCBI Gene (http://www.ncbi.nlm.nih.gov/gene), UCSC Genome Bioinformatics (https://genome.ucsc.edu),
and Ensemble (http://asia.ensembl.org/index.html?redirect=no). Homology among the five species was analyzed by
ESPript 3.0 (http://espript.ibcp.fr/ESPript/ESPript/). Core protein for binding p16 is indicated by an asterisk. In this
figure, the corresponding positions of the ATP binding motif (A) and substrate binding motif (S) are shown.

No. 2 cell line (Fig. 6A), and chromosomal tetraploidiza- ~ mosomes or deletion of only one parental chromosome)
tion was observed in the remaining 70% of cells (Fig. 6B). ~ was observed in all analyzed cells. In addition, mar
Surprisingly, VMF-K4DT No. 1 cells, derived from a  (marker chromosome) 1, which did not match the band-
male vole, contained XXY sex chromosomes. In VMF-  ing pattern of any other chromosome, was observed in
K4DT No. 1 cells, a chromosomal deletion was also ~ VMF-K4DT No. I cells (Fig. 6C). This nonhomologous
observed in chromosome number 22 (Fig. 6C). This de-  chromosome may have arisen from genomic instability.

letion in chromosome 22 (deletion of both parental chro-
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Fig. 5. Alignments of human, bovine, pig, rat, and vole cyclin D amino acid sequences. The corresponding positions for
LXCXE, important for binding with RB, the cyclin kinase box, and LLXXXL, which is important for binding
with steroid receptor co-activators, are shown.

Table 1. Results of cell cycle analysis of vole primary cells and immortalized

cells
GO0/G1 S G2/M Debris
Vole primary 659+25 46+04 23.0+14 193+0.7
VMF-K4DT No. 1 75711 44+03 163+09 83+05

Each value is shown as the mean (n=4) + standard deviation (SD).

Table 2. Transgene homology between the human and vole

CDK Cyclin DI TERT
Homology (between the human and vole)  96% 95% 61%
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Table 3. Karyotype analysis of the two immortalized cell lines

Chromosome number

. Total cell ~ Normal chromosome
Cell line Gender .
54 55 107 108 109 number number ratio
VMF-K4DT No. 1  Male 46 4 50 92%
VMF-K4DT No.2  Female 16 4 28 2 50 32%
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Fig. 6. Karyotype analysis of immortalized vole cells. (A) Normal chromosome in the immortalized vole cell

1) 1 1] a

25 26 marl

(VMF-K4DT No. 2). (B) Chromosome tetraploidization observed in the immortalized vole cell (VMF-K4DT
No.2). (C) Chromosome abnormality observed in the male-derived immortalized vole cell (VMF-K4DT
No. 1). This cell has an XXY sex chromosome combination and is missing a portion of chromosome 22.

Discussion

In this study, we successfully immortalized prairie
vole-derived fibroblasts by the expression of mutant
CDK4 (CDK4R24C), cyclin D, and TERT. To the best
of our knowledge, this is the first manuscript describing
the establishment of immortalized vole-derived cells.

Our data showed that the immortalized vole-derived
fibroblasts did not undergo cellular senescence. Accord-

ing to our previous study, pl6 protein expression in-
creases during cellular senescence [18]. The accumula-
tion of pl6 protein results in the inactivation of
endogenous CDK4 and the cyclin D complex, resulting
in reduced cell proliferation. However, because of the
presence of a point mutation, CDK4R24C is neither
bound to nor inactivated by the p16 protein. These cell
cycle regulators are known to be highly conserved dur-
ing evolution, allowing us to immortalize vole-derived
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Fig. 7. Study summary. Immortalized cell system used in this study. In this study, mutant CDK4,

cyclinD, and TERT were expressed.

cultured cells by inducing expression of human-derived
CDK4 and cyclin D.

We used human-derived CDK4 and cyclin D in this
study. These proteins exhibited high levels of homology
with those of voles (CDK4, 96%; cyclin D, 95%; Table2).
Alignment of the CDK4 amino acid sequences from mul-
tiple vertebrates is shown in Fig. 4. We included bovine
and porcine amino acid data because we previously
showed that cells from these two types of livestock are
suitable for immortalization by expression of mutant
CDK4, cyclin D, and TERT [5]. In CDK4, the 24th
amino acid residue, which is important for binding to
pl6, is conserved in all species. Furthermore, the activa-
tion loop of CDK4 is conserved in all species. In cyclin
D, the central region known as the cyclin box is well
conserved in all species (Fig. 5). Moreover, K112 (which
is thought to act as a CDK4 binding site) and T286 (which
affects ubiquitin-dependent proteolysis of cyclin D1) are
conserved in all species (Fig. 5) [3, 7, 11]. The LLXXXL
motif, which is important for binding with steroid recep-
tor co-activators, is also conserved in all species. The
LXCXE sequence has been reported to play an important
role in the binding of pRB [14, 19] and is also conserved
in all species. The LXCXE region found in humans is
identical to that found in voles (Fig. 5) [14, 19]. These
results suggested that both livestock-derived (previously
published) and vole-derived cells can also be immortal-
ized due to the high conservation among multiple species.

Telomerase activity was detected in VMF-K4DT cells.

This result indicated that our introduced human-derived
TERT formed a complex with vole-derived endogenous
TERC and successfully functioned as a telomerase. In-
terestingly, we did not detect telomerase activity in vole-
derived primary fibroblasts. As previously reported,
telomerase activity is detectable, even in terminally dif-
ferentiated cells collected from mouse tissue [15]. Al-
though voles are also rodents, regulation of endogenous
telomerase activity in voles may differ from that in mice.

In this study, we demonstrated for the first time that
expression of mutant CDK4, cyclin D, and TERT was
an effective method for immortalizing vole fibroblasts
(Fig. 7). Our previous studies showed that expression of
mutant CDK4, cyclin D, and TERT could be used to
established immortalized bovine, porcine, and monkey
cells [5, 12]. In these previous studies, we did not ob-
serve any chromosomal abnormalities in swine, cattle,
or monkeys. However, we detected chromosomal abnor-
malities in around 70% of the established vole cells.
Although the reason for the chromosomal abnormalities
in voles remains unclear, voles may simply be more
sensitive to genomic instability. We observed tetraploid
abnormalities only in the cells derived from a female
vole (i.e., VMF-K4DT No. 2 cells). Because of the lim-
ited number of established cell lines, the relationship
between gender and genomic abnormalities is not clear.
We are now using immortalized cells derived from
other rodents, such as mice, to confirm this hypothesis.

In this study, we successfully established prairie vole-
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derived cells. Prairie voles may be a useful animal
model for a variety of research areas. For example, in
recent studies, the bank vole has been shown to exhibit

efficient transmission of human prions [2]. Our cells are

able to expand continuously, and they can be shared with
scientists worldwide. Thus, prairie vole-derived cells
may be a useful bioresource for screening in various
fields of study.
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