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Abstract. Objective: Establishment of tetraploid ES cells. Materials and methods:
Mouse H-1 (ES) cells were polyploidized by demecolcine and released from the drug.
Results: A tetraploid cell line (4nH1 cells) was established from mouse H-1 (ES) cells
(2nH1 cells) highly polyploidized by treatment with demecolcine. Cell cycle parameters
of 4nH1 cells were almost the same as those of 2nH1 cells, suggesting that the rate of
DNA synthesis was about twice that of the diploid cells. Mode of chromosome number
of 4nH1 cells was 76, about twice that of 2nH1 cells. Cell volume of 4nH1 cells was about
twice of that of diploid cells, indicating that 4nH1 cells contained about twice as much total
intracellular material as 2nH1 cells. Morphology of the 4nH1 cells was flagstone-like, thus
differing from that of the spindle-shaped 2nH1 cells, suggesting that the transformation
had occurred during the diploid—tetraploid transition. 4nH1 cells exhibited alkaline
phosphatase activity and formed teratocarcinomas, implying that they would be
pluripotent. Conclusion: A pluripotent tetraploid cell line (4nH1 cells) was established.

INTRODUCTION

Mouse embryonic stem (ES) cells have been used widely as vehicles for introducing targeted
mutations into mice (Doetschman et al. 1987; Thomas & Capecchi 1987), as essential materials
to create various organs by controlled differentiation (Hascheler et al. 1997; Kawasaki ez al. 2000)
and as primary materials to investigate the characteristics of ES cells. Mouse germline-transmissible
embryonic stem cells, H-1 cells, were established from blastocysts of C3H/He mice by Kitani
et al. (1996). It has been confirmed that H-1 cells have the ability to differentiate to neural cells,
epithelial cells, muscle cells, hair follicle cells and chondrocytes (Kitani ef al. 1996).
Demecolcine (DC) antagonizes tubulin polymerization and induces disassembly of micro-
tubules into monomers (Inoue 1981). The drug inhibits spindle fibre formation in M phases and
polyploidizes many cells. Although polyploidation of mammalian cells occurs in various organs,
particularly in aged or partially hepatectomized liver, the mechanisms are poorly understood
(Mossin et al. 1994; Zong et al. 1994; Fogt & Nanji 1996; Seglen 1997). Whether DC causes
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polyploidization in cells may depend on the cell type used (Fujikawa-Yamamoto ef al. 1993).
Here, we have been interested in whether H-1 cells could be caused to become polyploidy and
to establish this cell type as a polyploid line.

Tetraploid and octaploid Meth-A cell lines have been established from diploid and tetraploid
cells using DC. They exhibit different characteristics from each other (Fujikawa-Yamamoto
et al. 2001b, 2002b; Fujikawa-Yamamoto & Sakuma 2003). ES cells are pluripotent stem cells.
We were interested in whether pluripotent potential would be preserved during the diploid—
tetraploid transition in ES cells. In this study, a tetraploid cell line, the 4nH1 cell line, is
established from H-1 (ES) cells highly polyploidized using DC, and their cellular characteristics
were examined.

MATERIALS AND METHODS

Cells

H-1 (ES) cells established from blastocysts of C3H/He mouse (Kitani et al. 1996) were purchased
from RIKEN Bio Resource Center (Institute of Physical and Chemical Research, Tsukuba,
Japan), and were maintained in a humidified atmosphere of 5% CO, at 37 °C in Leibovitz’s L15:
Ham’s F10 mixture (7 : 3) (L15F10) medium supplemented with 10% foetal bovine serum
(CELLect GOLD, ICN Biomedicals, Aurora, OH, USA), 2-mercaptoethanol (0.1 mm), strepto-
mycin (50 pug/ml), penicillin (50 units/ml) and leukaemia inhibitory factor (500 U/ml, ESGRO,
Chemicon International Inc., Funakoshi, Japan). Tetraploid H-1 cells were cultured under the
same culture conditions as described above. Diploid and tetraploid H-1 cells cultured in L15F10
medium were called ‘2nH1’ and ‘4nH1’ cells, respectively.

Polyploidization by demecolcine treatment and establishment of tetraploid cells
Exponentially growing 2nH1 cells were placed into culture flasks (25 cm?, Corning Costar Co.,
Acton, MA, USA) at a density of approximately 5 x 10° cells/flask. Twelve hours thereafter, the
cells were exposed to a variety concentrations of DC (Sigma, St. Louis, MO, USA). At a range
of times, the cells were harvested and were used to count cell number and to obtain DNA
histograms. To establish tetraploid cell lines, 2nH1 cells exposed to 270 nm DC for 48 h were
released from DC by washing twice with drug-free medium, then they were cultured again in
drug-free L15F10 medium. At a variety of times, the cells were sub-cultured and were used to
obtain DNA histograms.

Cell preparation for flow cytometry

Cells were fixed with 35% ethanol, were incubated with 0.25% RNase (Type II-A, Sigma) for
3 h at 4 °C, and then were counted using a haemocytometer. Immediately before measurements,
cells were stained with propidium iodide (PI, 7.5 x 10~ m) and were examined for red fluorescence
by flow cytometry (FCM). Under these staining conditions, the signal due to residual double-
stranded RNA is negligible and the relative intensity of red fluorescence corresponds to DNA
content (Krishan 1975).

Flow cytometry

Fluorescence from individual cells was measured using a FACSORT flow cytometer (Becton
Dickinson Immunocytometry Systems, Franklin Lake, ND, USA). Fluorescence of individual cells
irradiated by focused laser light at a wavelength of 488 nm was detected using a photomultiplier
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tube. Relative intensity of red fluorescence (FL2H) was measured and DNA histograms were
obtained.

Cell cycle analysis

Flow cytmetry (FCM) data of FL2H (signals of red-fluorescence intensity through a logarithmic
amplifier) for 10 000 cells were entered into CASL software (Mathematica, Wolfram Research
Inc., Champaign, IL, USA) for cell cycle analysis of DNA histograms on a log scale using transfer
software ‘FACS to ASCII’ (freeware), and the DNA histograms were decomposed to phase fractions
based on DNA content (Fujikawa-Yamamoto 1999). The algorithm of CASL is similar to Fried’s
method (Fried 1977) except that normal distribution functions having the same half-width
instead of the same coefficient of variation value are used as components.

Cell-volume distribution

Exponentially growing 2nH1 and 4nH1 cells were trypsinized, fixed in 20% ethanol and were
re-suspended in divalent cation-free phosphate-buffered saline (PBS®). Distribution of cell-
volume was measured using a Coulter Counter (ZM/256, Coulter Electronics, Fullerton CA,
USA). Standard spheres (9.8 um diameter, Coulter sphere, Coulter Electronics) were used as
controls. Requisite Coulter Counter volume depends on the material being tested, as it is calculated
with reference to the resistance of particles.

Chromosome analysis

Exponentially growing 2nH1 and 4nH1 cells were exposed to DC at a concentration of 270 nm
for 3h. The cells were trypsinized, swelled with 75 mm KCl, fixed with fixing solution
(CH;OH : CH;COOH =7 : 3) and were dropped on glass slides. Cell-chromosome mixture was
stained with Giemsa’s solution in order to visualize chromosomes for microscopy and micro-
photography. Chromosome numbers were manually counted from the micrographs.

Cell morphology and histochemistry

Morphology of logarithmically growing 2nH1 and 4nH1 cells in a Lab-Tek Chamber Slide
(Nalge Nunc International, Napeville, IL, USA) or culture dishes was photographed using a
phase contrast microscope (CK2, Olympus, Tokyo, Japan) equipped with a digital camera
system (C4040, Olympus). Cells were then washed twice with PBSC), and were fixed
(methanol : formalin : acetic acid, 9000 : 1000 : 1). Cells in the chamber slide were stained for
alkaline phosphatase activity using the standard method recommended by the test kit manufac-
turers (Histofine, Nichirei Bio Science Co., Tokyo, Japan). Cells stained without substrate were
used as a negative controls, and all samples were photographed using a microscope (BX 60,
Olympus) equipped with a digital camera system (C4040, Olympus). Samples of cells were also
stained with haematoxylin—eosin using a standard method. Images were entered into a personal
computer and were printed out at magnifications stated below.

Teratocarcinoma formation

Solid tumours formed by 4nH1 cells after intraperitoneal injection into normal C3H/He male
(6w) mice (Japan SLC Inc., Shizuoka, Japan) were sectioned and were stained with haematoxylin—
eosin. Morphology was photographed using a microscope (BX 60, Olympus) equipped with
a digital camera system (C4040, Olympus). Mouse abdomens were also photographed using
a digital camera (L720, Olympus). Images were entered into a personal computer and were
printed. Part of a solid tumour was excised plus a normal tissue sample, was minced with
scissors, filtered with a nylon mesh, and was prepared for FCM.
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Figure 1. Growth curves (left panel) and DNA histograms (right panel) of 2nH1 cells exposed to demecolcine
(DC). Exponentially growing 2nH1 cells were exposed to various concentrations of DC. In the growth curves, the symbols
O, A, O, @ and W, represent 0, 27, 81, 270 and 540 nm, respectively. Numerals on the right side represent the time
(day) after drug addition. The drug concentrations are also indicated at the top of columns. In DNA histograms, abscissa
represents DNA content (C, complement). Longitudinal lines were drawn to facilitate understanding. The panel C is the
control with 0 nm DC, irrespective the numeral at the top of column.

RESULTS

To examine induction of polyploidization by DC, 2nH1 cells were exposed to various concentrations
of DC and their growth curves and DNA histograms were obtained (Fig. 1). Cell growth was
suppressed by DC at concentrations above 270 nm. 8C peaks appeared in DNA histograms of
2nHI1 cells exposed to above 270 nm DC for 2 days, suggesting that H-1 cells had tetraploidized.
Although a 16C peak was observed in DNA histograms of 2nH]1 cells exposed to above 270 nm
DC for 3 days, significant cell debris was also observed, suggesting that highly polyploidized
2nH1 cells tend to die.

To examine whether polyploidized-polyploid transition occurred, 2nH1 cells were exposed
to 270 nm DC for 1 or 2 days, then were released from exposure (Fig. 2). The DNA histogram
of 2nH1 cells 2 days after release from 2-day DC exposure (2-2-0) contained a 16C peak,
suggesting that 2nH1 cells octaploidized after drug removal. Most of the 2nH1 cells in all of
the flasks (total 9 flasks) showed tetraploid DNA content, with the exception of those of a single
flask (1-0-14), in which the cells were released from 1-day DC exposure. It was concluded
that 2nH1 cells transformed to tetraploid cells through polyploidization induced by DC. The
tetraploid cells were tentatively named 4nH1 cells.

To examine cell cycle parameters, the doubling time and phase fraction of 4nH1 cells were
measured and were compared to those of 2nH1 cells (Fig. 3 and Table 1). Doubling times of cell
populations were 19.0 h for both 2nH1 and 4nH1 cells. Cell cycle parameters were almost the
same between 2nH1 and 4nH]1 cells (Table 1), suggesting that the rate of DNA synthesis is about
2-fold faster in 4nH1 cells than in 2nH1 cells.
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Figure 2. Changes in DNA histograms of 2nH1 cells exposed to DC. Exponentially growing 2nH1 cells were
exposed to 270 nm DC for 1 or 2 days and then released from the exposure. The three hyphened numerals represent the
duration (day) of DC exposure, the time (day) after the drug removal and the time (day) after the first sub-culturing, in
that order. The abscissa represents DNA content (C, complement). Vertical grey lines were drawn to facilitate under-
standing. Panel C is the control.

To examine the ploidy, distribution of chromosome number in 2nH1 and 4nH1 cells was
compared (Fig. 4, left panels). The mode of the chromosome number of 4nH1 cells was 76,
indicating that 4nH1 cells were hypotetraploid. Figure 4 also shows two photographs of
chromosomes scattered on slides. It seems that chromosomes spread into a kinetochore-bound
chromosome-crown (upper image) or kinetochore-tightened chromosome-clusters (lower image),
suggesting specific configurations of chromosomes.

To examine cell volumes of 4nH1 cells, Coulter volume was employed (Fig. 5, left panels).
The mode of cell-volume of 4nH1 cells was roughly twice that of 2nH1 cells, suggesting that
4nHI1 cells were produced through cell cycle progression without cell division.

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd, Cell Proliferation, 40, 327-337.



332 K. Fujikawa-Yamamoto et al.

10%¢
- a 400} ¢
. 300
4l
. 10%E _ 200
o C 0 |
= C 2 100 '
s [ b g
b4
— =2 it ~
© 10%¢ = 2 4 8 163264128
(&) o o
(&)
o - 350} 4
> o
£ - = 300
- E]
° {250
(vl 102§ &" 200 |
- ® 150 !
- 100
i 50
101t

2 4 8 163264128
DNA Content (C)

| a
0123456782910

S I
012345678910

Time (day)

Figure 3. Growth curves (a and b), synthesized histogram (grey-line histograms of ¢ and d) and DNA histograms
(black-line histograms of ¢ and d) of 2nH1 (a and c¢) and 4nH1 (b and d) cells growing exponentially in culture
flasks. In the panels ¢ and d, the synthesized (grey line) and observed (black line) histograms are superposed. Solid lines
were drawn in the growth curves to facilitate understanding. In the DNA histograms, the abscissa represents DNA content
(C, complement).

Table 1. Cell cycle parameters of 2nH1 and 4nH1 cells

Phase G, S G,/ M

2nH1 cells (Td = 19.0 h?)
Fraction 0.239 (0.216) 0.520 (0.470) 0.240 (0.217)
Duration (h)® 3.50 9.60 5.89

4nH1 cells (Td = 19.0 h?)
Fraction 0.229 (0.209) 0.531 (0.486) 0.240 (0.219)
Duration (h)® 333 9.77 5.89

Td is the doubling time calculated from Fig. 3. Phase fractions were determined, omitting those for cells with other
ploidy in the cell population. Numbers in parentheses represent the fraction of the total cell population.

YPhase duration was calculated using conventional equations (Watanabe & Okada 1967) employing the doubling time
instead of the cycle time.

Microphotographs of exponentially growing 2nH1 and 4nH]1 cells are shown in Fig. 6(a and b).
Surface morphology of 4nH1 cells was flagstone-like, which differs from that of the spindle-like
2nHI1 cells, suggesting that diploid—tetraploid transition accompanied the transformation. 4nH1
cells were mononuclear, suggesting that one 4nH1 cell was formed from one 2nH1 cell.
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Figure 4. Histogram of chromosome number (a and c) and photomicrographs (b and d) of 2nH1 (a and b) and
4nH1 cells (¢ and d). Exponentially growing 2nH1 and 4nH]1 cells were exposed to 270 nm DC for 3 h. Giemsa-stained
chromosomes of about 100 cells were enumerated from enlarged photographs.
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To examine pluripotent potential, 4nH1 cells were stained for alkaline phosphatase activity
(Fig. 6¢ and d). 4nH1 cells showed strong alkaline phosphatase activity, suggesting that pluripotent
potential is preserved over the diploid—tetraploid transition.

To examine the teratocarcinoma formation, 4nH1 cells were intraperitoneally injected into
male mice. Few weeks after, solid tumours were found to have formed in several organs,
suggesting that cells had affinities to disseminate into different kinds of tissues (Fig. 7b).
The appropriate DNA histogram showed 4C and 8C peaks, indicating that the tumours were
tetraploid (Fig. 7¢); they consisted of many differentiated cell types, suggesting that they were
teratocarcinoma (Fig. 7a).

4nH1 cells were sub-cultured for 8 months, during which time they underwent more than
300 divisions. DNA histograms of them showed hypotetraploidy. To ascertain that the 4nH1 cells
had been established as a cell line, 4nH1 cells were stored at 158 K (—135 °C) for 1 month and
then were replaced in culture. The 2nH1 (parent) and 4nH1 cells in a steady state of population
growth expanded with a doubling time of approximately 19 h (data not shown), suggesting that
the 4nH1 cells had been established as a cell line.

DISCUSSION

4nHI cells were established through polyploidation of 2nH1 induced by DC. Efficiency of the
diploid—tetraploid transformation (2—4 transition) was up to 100% (8 flasks/8 flasks). Several
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Figure 5. Volume distribution (a and c) and phase-contrast micrographs (b and d) of exponentially growing 2nH1
(a and b) and 4nH1 (c and d) cells. Cell volume was measured using a Coulter counter. The vertical line and scale
were drawn to facilitate understanding. In the panel a, the distribution of standard spheres (*) is superimposed.

polyploid cell lines have been established from highly polyploidized cells (Fujikawa-Yamamoto
et al. 2001a, 2002a, 2003). What is the difference between polyploidized and polyploid cells?
The mechanism of ploidy transition is not yet known and it has been proposed that genome
structures of polyploidized and polyploid cells are distinctly different (Fujikawa-Yamamoto
2006). Polyploidized cells may require reconstruction of chromosome configuration for
establishment as polyploid cells. As ES cells have the potential to differentiate to germ cells,
which might have a specific configuration of chromosomes, it might be reasonable that ES cells
would be easily transformed to high polyploidy.

It is interesting to note that the 2—4 transition of 2nH1 cells altered their morphology from
spindle shaped to flagstone-like, suggesting increased adherence to culture-flasks or decreased
cell—cell binding. It has been reported that the 2—4 and 4—8 transitions result in maintenance
of the total content and density of the cell surface hydrocarbon chains, respectively, in mouse
Meth-A cell line (Fujikawa-Yamamoto & Sakuma 2003). It is probable that the 2—4 transition
in 2nH1 cells induced the morphological change. Note that the morphology of 2nH1 is reversibly
round and spindle-like in Dulbecco’s modified Eagle’s medium and L15F10 medium, respec-
tively (Fujikawa-Yamamoto et al. 2006).

Chromosomes were seen to be scattered in clusters with chromosomes tightened at the
kinetochores (Fig. 4d). If indeed chromosomes are connected with inter-chromosome fibres of
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Figure 6. Microphotographs of 2nH1 (a) and 4nH1 cells (b, ¢ and d) growing exponentially. Cells were stained with
haematoxylin—eosin (a and b) or for alkaline phosphatase activity (c and d). Photograph d is a negative control in which
cells were stained without substrate. The inserts in ¢ and d show phase-contrast microphotographs of the respective main
fields.

DNA (Myhra & Grogger 1975), the scattering pattern of chromosomes may be interpreted as a
result of winding of inter-chromosome fibres. As the fibre is coiled, kinetochores are gathered
at several points.

4nHI1 cells were established as hypotetraploid. The mode of the chromosome number was
76 at approximately passage 30. It is well known that polyploid cells decrease their DNA content
during cell-culture (Moor et al. 1968; Harris 1971; Graves & McMillan 1984; Fujikawa-Yamamoto
et al. 2005), and it has been reported that mouse polyploid Meth-A cells decrease DNA content as
0.0026Ip/division in the initial stage, where I_ is the initial ploidy (Fujikawa-Yamamoto ef al.
2005). This indicates that mouse tetraploid cells will have a reduction of 0.2 chromosomes per
cell division at the initial stage. It is probable that established 4nH]1 cells are hypotetraploid.

It should be emphasized that these results of the cell cycle response of H-1 cells can be
applied only to a particular type of proliferating cell, 2nH1 cells, under specific culture condi-
tions with medium containing leukaemia inhibitory factor.
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Figure 7. A histological section (a), an abdominal photograph (b) and a DNA histogram (c) of solid tumours
formed by 4nH1 cells after intraperitoneal injection into a normal C3H/He mouse. 4nH]1 cells growing exponen-
tially were intraperitoneally injected. Solid tumours were formed in several organs (b). The histological section of the
tumour showed a heterogeneous conformation of cells (a). In the insert of a, endodermal, mesodermal and ectodermal
cells are indicated as endo., meso. and ecto., respectively. The tumour on a liver showed DNA histograms with 2C, 4C
and 8C peaks, suggesting that it is tetraploid (c). The insert of DNA histogram c is of normal tissue around the tumour.
In the DNA histograms, the abscissa represents DNA content (C, complement).
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