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Abstract.

 

Polyploid cells are made by DNA reduplication without cell division, how-
ever, it is not easy to establish polyploid mammalian cell lines. It is worth studying
the difference in cell character between hyperploid and parent cell lines. Meth-A cells
were polyploidized by demecolcine, K-252a, staurosporine and paclitaxel. The cell-
cycle responses of highly polyploid Meth-A cells after the removal of the drugs were
examined by flow cytometry (FCM). Meth-A cells were highly polyploidized by these
drugs. The polyploid Meth-A cells gradually decreased in ploidy after the drug release.
A tetraploid Meth-A cell line was established only from the demecolcine-induced
polyploid Meth-A cells. The duration of G

 

1

 

, S and G

 

2

 

/M phases of the tetraploid cell
line were mostly the same as those of the parent diploid cells, except that the G

 

2

 

/M
phase was 1.5 h longer. The chromosome number of tetraploid Meth-A cell line was
about twice of the diploidy. A tetraploid Meth-A cell line was established.

INTRODUCTION

 

Meth-A cells, a methylcholanthrene-induced sarcoma cell line, are polyploidized by demecolcine,
K-252a, staurosporine and paclitaxel (Roberts 

 

et al.

 

 1990; Fujikawa-Yamamoto, Teraoka &
Odashima 1993; Fujikawa-Yamamoto 

 

et al.

 

 1994), though some of the highly polyploidized
cells die by apoptosis (Zong 

 

et al.

 

 1998). The cells always have a small population of large cells
which were spontaneously polyploidized and resulted in apoptosis (Fujikawa-Yamamoto 

 

et al.

 

1997a). Meth-A cells may be easily polyploidizable. It is of interest whether or not Meth-A cells
polyploidized by different mechanisms behave in a different manner after drug removal.

Demecolcine (Colcemid) antagonizes tubulin polymerization and induces the disassembly of
microtubules into monomers (Inoue 1981). The drug inhibits spindle fibre formation in the M
phase and polyploidizes many cells. Paclitaxel (Taxol), a diterpenoid plant product (Wani 

 

et al.
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1971), enhances tubulin polymerization and prevents microtubule depolymerization (Schiff &
Horwitz 1981). The unusual stability of microtubules leads to failure of cell division (Jordan

 

et al.

 

 1993; Long & Fairchild 1994) and induces polyploidization (Roberts 

 

et al.

 

 1990; Lieu,
Chang & Lai 1997). K-252a and staurosporine are protein kinase inhibitors with a similar
molecular structure (Kase 

 

et al.

 

 1987; Tamaoki 

 

et al.

 

 1986). Both polyploidize cultured cells
without mitosis (G

 

2

 

-G

 

1

 

 transition) (Usui 

 

et al.

 

 1991), though the enzymes that are specifically
inhibited by these drugs are unknown (Zollner 1993). These four drugs can polyploidize Meth-
A cells. The mechanisms of polyploidization may be different.

A relationship between the rate of DNA synthesis and DNA content has been reported
for Chinese hamster cells by Graves & McMillan (1984) namely that the duration of S phase is
almost constant regardless of the DNA content. Although many studies have reported a constant
duration of the S phase in the polyploidization of cultured cells (Graves & McMillan 1984;
Gong, Traganos & Darzynkiewicz 1993; Brenneisen, Gogol & Bayreuther 1994; Fujikawa-
Yamamoto 

 

et al.

 

 1997b), the rate of DNA synthesis of polyploidized Meth-A cells was constant
(Fujikawa-Yamamoto 

 

et al.

 

 1997b). The duration of G

 

1

 

, S and G

 

2

 

/M phases of polyploid cells
in a steady state of growth have not been well studied because of the difficulty in achieving
such a state. It is of interest to establish a hyperploid cell line to examine what is altered by the
polyploidization.

Polyploidization of mammalian cells occurs in various organs, particularly in the aged or
partially hepatectomized liver. The mechanisms of polyploidization are poorly understood
(Mossin 

 

et al.

 

 1994; Zong 

 

et al.

 

 1994; Fogt & Nanji 1996; Seglen 1997). The difference in cell
character between a hyperploid and its parent cell line would be valuable to the study of poly-
ploidization in organs. In this study, the behaviour of Meth-A cells polyploidized by demecol-
cine, paclitaxel, K-252a and staurosporine was examined by flowcytometry (FCM) for about 1
month after the removal of the drugs. A hyperploid cell line was established. The cells were
examined for cell cycle parameters and the chromosome number.

 

MATERIALS AND METHODS

 

Cells

 

Meth-A cells (a methylcholanthrene-induced mouse abdominal dropsy sarcoma cell line) were
maintained in a humidified atmosphere of 5% CO

 

2

 

 at 37 

 

°

 

C as a suspension culture in Leibovitz’s
L15: Ham’s F10 mixture (7 : 3) supplemented with 10% fetal calf serum (M.A. Bioproducts,
Walkersville, MD, USA), streptomycin (100 

 

µ

 

g /ml) and penicillin (50 units/ml). The tetraploid
Meth-A cells were cultured in the same culture-conditions described above.

 

Drug treatment and subculture

 

Exponentially growing Meth-A cells were plated in culture dishes (90 mm diameter, Nalge Nunc
International, IL, USA) at a density of about 5 

 

×

 

 10

 

5

 

 cells/dish. Twelve hours thereafter, the cells
were exposed to demecolcine (270 n

 

m

 

, Sigma, St. Louis, MO, USA), K-252a (800 n

 

m

 

, Funakoshi,
Tokyo Japan), staurosporine (100 n

 

m

 

, Funakoshi) or paclitaxel (117 n

 

m

 

, Sigma) for 72 h. Then
the cells were centrifuged and released from the drug exposure by resuspending them in the
drug-free medium. To obtain independent results, the Meth-A cells were divided into six dishes
after the drug release. Every 72 h, the Meth-A cells in two dishes were subcultured by one-half
or one-fourth, and the residual cells were prepared for FCM and cell growth measurements.
This subculture cycle was started at 0, 24 and 48 h after the drug removal.
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Cell preparation for FCM and cell counting

 

The Meth-A cells obtained through subculture were divided into two groups. One group was
enumerated by a Coulter counter (Coulter USA). The other was fixed with 20% ethanol, then
incubated with 0.5 ml of 0.25% RNase (Type II-A, Sigma) for 3 h at 4 

 

°

 

C. Immediately before
the measurements, the cells were stained with PI (propidium iodide, 7.5 

 

×

 

 10

 

–5

 

 

 

m

 

) and red
fluorescence was examined by means of FCM. Under these staining conditions, the signal due
to residual double stranded RNA is negligible and the relative intensity of the red fluorescence
corresponds to the DNA content (Krishan 1975).

 

Flow cytometry

 

The fluorescence from individual cells was measured using a FACSCalibur (Becton Dickinson
immunocytometry Systems, USA). The fluorescence of individual cells irradiated with a focused
laser light at a wavelength of 488 nm was detected using a photomultiplier tube. The relative
intensity of red fluorescence was measured and DNA histograms were obtained.

 

Cell cycle analysis

 

FCM data (signals of red-fluorescence intensity through a logarithmic amplifier) were input to
CASL (a software for cell cycle analysis of DNA histograms on a log scale) and the DNA his-
tograms were decomposed to cell fractions depending on the DNA content (Fujikawa-
Yamamoto 1999a). CASL is written on Mathematica (Version 2.2) with a personal computer
(Quadra 840AV, Macintosh) and can analyse DNA histograms with 2c to 128c DNA content.
The algorithm is similar to Fried’s method (Fried, Perez & Clarkson 1976; Fried 1977) except
that normal distribution functions having a same half-width instead of same CV value are used
as components.

 

Chromosome analysis

 

Exponentially growing diploid and tetraploid Meth-A cells were plated in culture dishes (60 mm
diameter, Nalge Nunc International, IL, USA) at a density of about 5 

 

×

 

 10

 

5

 

 cells /dish. Twelve
hours thereafter, the cells were exposed to demecolcine at a concentration of 270 n

 

m

 

 for 1 h. The
cells were swelled by 75 m

 

m

 

 KCl, fixed with a fixing solution (CH

 

3

 

OH:CH

 

3

 

COOH = 7 : 3) and
dropped onto glass slides. The cells were stained with Giemsa solution to take photographs of
the chromosomes. Chromosome number was counted from the photographs. Lymphocytes of a
male mouse were used for the control for karyotyping. Karyotype analysis was performed by a
Karyovision (Sumitomo Kinzoku, Tokyo, Japan).

 

Observation of cell morphology

 

Exponentially growing diploid and tetraploid Meth-A cells were washed once with PBS(–) and
fixed with methanol. The cells were smeared on glass slides and stained by a haematoxylin/
eosine method. The photographs were taken under a microscope (Eclipse E800, Nikon, Tokyo,
Japan.) equipped with a camera system (H-3). The photographs were taken into a personal com-
puter (Macintosh) and printed out at a given magnification.

 

RESULTS

 

To examine the polyploidization of Meth-A cells by demecolcine, K-252a, staurosporine and
paclitaxel, changes in DNA histograms were measured for Meth-A cells exposed to those drugs
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(Fig. 1). Though the responses of Meth-A cells differed with the drug, peaks of 16C DNA con-
tent were observed at 72 h after the drug addition, revealing the cells to be polyploid. It was con-
cluded that at least a part of the cell population was polyploidized by these drugs.

To examine the growth of Meth-A cells after the release from drugs, cell numbers were
counted, corrected for the subcultures and plotted against days after the drug removal (Fig. 2).

Figure 1. Changes in DNA fluorescence histograms of Meth-A cells after the addition of demecolcine (D), K-252a (K),
staurosporine (S) and paclitaxel (P). Exponentially growing Meth-A cells were exposed to demecolcine (270 nm), K-252a
(800 nm), staurosporine (100 nm) and paclitaxel (117 nm) for 3 days. DNA histograms of the cells were measured 1 (–1), 2
(–2) and 3 days (–3) after the drug addition. The histogram C is of the control. The abscissa represents the relative DNA content.

 

CPR204.fm  Page 214  Thursday, July 19, 2001  1:43 PM



 

© 2001 Blackwell Science Ltd, 

 

Cell Proliferation

 

, 

 

34

 

, 211–222.

 

Establishment of a tetraploid cell line

 

215

 

The Meth-A cells proliferated with a doubling time of 96 h till 3, 9 and 13 days after the treat-
ment with paclitaxel, K-252a/staurosporine and demecolcine, respectively. Then the population
grew with a doubling time of about 24 h.

To examine the difference in the cell-cycle response of polyploidized Meth-A cells, the
DNA histograms were examined by FCM to determine the cell populations after the release
from the four drugs (Figs 3 and 4). Figure 3 shows the DNA histograms after the removal of
demecolcine (left panel) and paclitaxel (right panel). The ploidy of the Meth-A cell population
increased just after the demecolcine release and was maintained for 8 days. The highly poly-
ploid fraction decreased and tetraploidy having from 4c to 8c DNA content became the major
population. Paclitaxel-induced polyploid Meth-A cells increased in ploidy just after the drug
release, as was the case for demecolcine. In contrast to demecolcine, the ploidy was main-
tained only for 3 days. Then the fraction of polyploid cells disappeared rapidly and became
diploid.

After K-252a removal, the Meth-A cell population increased in ploidy for 4 days, and
became a mixture of diploid and tetraploid cells for 8–20 days. Then the fraction of diploid cells
increased gradually (Fig. 4). An analogous response was observed in the Meth-A cell population
after staurosporine release. Note that the DNA histograms were obtained from three independ-
ent experiments and the data for 3 days interval belong to a series. We attributed the cell growth
from 3, 9 and 13 days after the paclitaxel, K-252a/staurosporine and demecolcine removal to
diploid, diploid/tetraploid and tetraploid Meth-A cells, respectively.

Figure 2. Changes in relative cell number (growth curves) of Meth-A cells after the removal of demecolcine (s),
K-252a ( n ), staurosporine ( m) and paclitaxel (d). Exponentially growing Meth-A cells were exposed to demecolcine
(270 nm), K-252a (800 nm), staurosporine (100 nm) and paclitaxel (117 nm) for 3 days. The cells were released from the
drugs and cultured again with a 3-day-interval subculture. The x-axis represents the time (days) after the drug removal.
Solid lines were drawn to facilitate understanding.
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The tetraploid cells were subcultured for 17 months, meaning for greater than 500 cell-
divisions. The DNA histograms showed tetraploidy. The photographs of tetraploid cells are
shown in Fig. 5. To ascertain that the tetraploid Meth-A cells had been established as a cell line,
the tetraploid cells were stored at –135 

 

°

 

C for few weeks and then replated in culture. The diploid
(parent) and tetraploid Meth-A cells in a steady state of growth grew with a doubling time of
24.0 and 25.6 h, respectively (Fig. 6).

The DNA histograms of diploid and tetraploid cells are shown in Fig. 7. Figure 7 is repres-
entative of the output from the cell cycle analysis software, ‘CASL’. The cell-cycle parameters
are listed in Table 1 and Table 2. In Table 2, the duration of G

 

1

 

, S and G

 

2

 

/M phases were cal-
culated using the doubling time instead of cycle time (Watanabe & Okada 1967). A remarkable
difference was observed in the G

 

2

 

/M phase duration: it was about 1.5 h longer in tetraploids
than in diploids.

To confirm the integrity of tetraploid Meth-A cells, the chromosomes of diploid and tetra-
ploid Meth-A cells were examined (Fig. 8). Figure 8 shows the karyotyping charts and chromo-
some number distribution of diploid and tetraploid Meth-A cells. Though the number of
chromosomes is distributed widely and the karyotyping of Meth-A cells is much different from
that of mouse lymphocyte, the chromosome number of tetraploid Meth-A cells was about twice
that of the diploids, suggesting the integrity of chromosome number in tetraploid Meth-A cells.

Figure 3. Changes in DNA fluorescence histograms of Meth-A cells after the removal of demecolcine ( left panel)
and paclitaxel (right panel). Exponentially growing Meth-A cells were exposed to demecolcine (270 nm) and paclitaxel
(117 nm) for 3 days. The cells were released from the drugs and cultured again with a 3-day-interval subculture. The
numerals in the histograms represent the time (days) after the drug removal. *Culture dishes of independent experi-
ments. The x-axis represents the relative DNA content (C).
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Figure 4. Changes in DNA fluorescence histograms of Meth-A cells after the removal of K-252a (left panel) and stau-
rosporine (right panel). Exponentially growing Meth-A cells were exposed to K-252a (800 nm) and staurosporine
(100 nm) for 3 days. The cells were released from the drugs and cultured again with a 3-day-subculture interval. The
numerals in the histograms represent the time (days) after the drug removal. *Culture dishes of independent experi-
ments. The x-axis represents the relative DNA content (C).

Table 1. Cell-cycle parameters of diploid and tetraploid Meth-A cell lines. Fractions in the total cell population

Phase 2C 2S 4C 4S 8C 8S 16C 16S > 32C

Diploidy 0.28 0.45 0.12 0.07 0.02 0.04 0.01 0.01 0.00 
Tetraploidy 0.02 0.07 0.23 0.39 0.15 0.08 0.02 0.03 0.00 

Table 2. Cell-cycle parameters of diploid and tetraploid Meth-A cell lines. Fractions and duration of diploid and tetra-
ploid Meth-A cells

G1 S G2/M

Diploidy fraction* 0.33 0.53 0.14
Tetraploidy fraction* 0.30 0.51 0.19 
Diploidy duration (h)† 6.2 13.2 4.5
Tetraploidy duration (h)† 6.0 13.1 6.4

*2C, 2S and 4C were regarded as the G1, S and G2/M of diploid cells, and 4C, 4S and 8C, as the G1, S and G2/M of 
tetraploidy. †Duration was calculated using the doubling time instead of cycle time (28).
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Figure 5. Photomicrographs of diploid and tetraploid Meth-A cells in exponential growth. Exponentially growing
cells were fixed with methanol and stained by a haematoxylin/eosine method. D and T represent photographs of diploid
and tetraploid Meth-A cells, respectively.

Figure 6. Changes in relative cell number (growth curves) of diploid (s) and tetraploid (d) Meth-A cells. Diploid
and tetraploid Meth-A cells stored at –135 °C were replated in culture. The cells were subcultured everyday by one/
half or one/fourth, and the residual cells were enumerated. The doubling times of diploid (parent) and tetraploid Meth-
A cells in a steady state of growth were 24.0 and 25.6 h, respectively. Solid lines were drawn to facilitate understanding.
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DISCUSSION

Polyploid cells are made by DNA reduplication without cell division, however, it is not so easy
to establish polyploid mammalian cell lines. Usui et al. (1991) failed to establish polyploid
clones using K-252a and suggested that the cells of tetraploid or higher DNA content lose their
reproducible integrity. Ishida et al. (1994) showed that polyploidized cells obtained by topoi-
somerase exposure lost their viability. Here, we established a tetraploid Meth-A cell line from
cells highly polyploidized by demecolcine, but not by K-252a, staurosporine or paclitaxel.

Though Meth-A cells were polyploidized by all of the agents, demecolcine, K-252a, stauro-
sporine and paclitaxel, the cell cycle responses were different after the removal of the drugs.
K-252- and staurosporine-induced polyploidized Meth-A cells showed similar responses. They
became a diploid/tetraploid mixture from 8 to 25 days after the drug release, and then gradually
a diploidy population. Though such a ploidy mixture after polyploidization by K-252a was
observed in V79 cells, V79 cells would not become tetraploid by demecolcine treatments as in
this experiment (Fujikawa-Yamamoto et al. 2000). Paclitaxel-induced highly polyploidized
cells disappeared within 4 days of release. Though it was not clear whether the polyploid cells
changed back to diploid cells or died, the sub2C fraction which indicated apoptotic or dead cells

Figure 7. Representative outputs of CASL (Cell-cycle analysis on a scale of log) for DNA histograms of diploid (A
and B) and tetraploid (C and D) Meth-A cells. Panels A and C represent synthesized histograms of Meth-A cells, and
panels B and D the synthesized histograms superposed upon the experimental one.
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was small, suggesting the former. By contrast, the sub2c fraction was large after the demecolcine
release, suggesting the apoptosis of highly polyploidized Meth-A cells (Zong et al. 1998). We
were able to establish a tetraploid Meth-A cell line in three independent experiments, suggesting
that the results are reproducible.

At this point, we can not explain the different responses of Meth-A cells after the polyploid-
ization by different drugs. It has been suggested that K-252a and staurosporine polyploidize cells
through the bypass of G2 to G1 (Abe et al. 1991), resulting in the multilobed-mononuclear
morphology of polyploid cells (Fujikawa-Yamamoto et al. 1999b). Demecolcine and paclitaxel
polyploidize cells through arrest before and after the formation of spindle fibers in the M phase,
resulting in a complex mini /multi and simple multi /mono nuclear morphology, respectively
(Fujikawa-Yamamoto et al. 1999b). In spite of the difference in nuclear morphology of poly-
ploid cells that has been reported, whether highly polyploid cells become diploid or die is
unknown.

It is of interest that the cell cycle parameters were almost the same for the diploid and tetra-
ploid Meth-A cell lines, except that the G2/M phase was 1.5 h longer in the latter. Though con-
stant and double-increase rates of DNA synthesis have been reported for polyploid cells, the
cycle time increased with the ploidy in both cases (Graves & McMillan 1984; Fujikawa-
Yamamoto et al. 1997b). The equivalence in cell cycle parameters suggests that the tetraploid
cells have double the content of all the elements of diploid Meth-A cells. If the intracellular con-
tent increases with ploidy in Meth-A cells, a spatial increase would cause a delay in the transport
of materials in highly polyploid cells, resulting in a gradual loss of highly polyploid cells.

Figure 8. Histograms of chromosome number and karyotyping charts for diploid and tetraploid Meth-A cells.
Exponentially growing diploid and tetraploid Meth-A cells were exposed to demecolcine (270 nm) for 1 h. The chromo-
somes were stained with Giemsa solution. Panels A and B represent histograms of chromosome number for diploid and
tetraploid Meth-A cells, respectively. Panels D and E represent karyotyping charts of a cell from panels A and B, respectively.
Panel F is the original photograph of panel E. Panel C is obtained from lymphocytes of a male mouse.
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That the duration of the S phase is the same between diploid and tetraploid cell lines means
that the rate of DNA synthesis is double in the tetraploid cells. We have reported a constant rate
of DNA synthesis in polyploidizing Meth-A cells under continuous exposure to demecolcine
(Fujikawa-Yamamoto et al. 1997b). The mechanism of DNA synthesis may differ between
Meth-A cells in the process of polyploidization and in the steady state of growth.
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