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ABSTRACT

Chromosomes usually condense during mitosis, but condensation may be uncoupled from
mitotic events under certain circumstances. This phenomenon is known as premature chro-
mosome condensation (PCC). Here we show that 100 nM okadaic acid or calyculin A can
induce PCC at any time during the cell cycle of several types of mammalian cells; G1-, S- and
G2-PCC were observed. Both okadaic acid and calyculin A are specific inhibitors of type 1
and type 2A protein serine/threonine phosphatases, suggesting that these phosphatases play
a central role in regulating chromosome condensation.

Chromosomes usually condense during mitosis,
but when an interphase cell is fused in the mitotic
cell, the interphase chromosomes condense prema-
turely (14). A similar premature chromosome con-
densation (PCC) can be induced by caffeine in cells
blocked in S-phase (23). More recently, okadaic
acid has also been reported to induce PCC in cul-
tured cells blocked at S-phase (11, 24, 26) and in
rapidly dividing mouse oocytes (9). A temperature-
sensitive mutant of BHK21, (i.e. tsBN2). also
undergoes PCC at the non-permissive temperature
(17, 18).

However, it has not previously been reported
that okadaic acid directly induces PCC in somatic
cells without restrictive conditions such as block-
ing the cells at S-phase. Although the precise
mechanism of PCC is not yet clear, the ability to
induce it in normal somatic cells without any spe-

Abbreviations: PCC. premature chromosome condensa-
tion; BrdU, bromo-deoxyuridine; IL-2, interleukin-2;
IL-3, interleukin-3: DMEM, Dulbecco’s modified Eagle
medium; MEM, minimal essential medium; Con A,
concanavalin A; LPS, lipopolysaccharide; PHA-P, phyto-
hemaggulutinin-P; PP1, type 1 protein phosphatase;
PP2A, type 2A protein phosphatase; MPF, maturation
promoting factor

cial pre-treatment may lead to the elucidation of
the mechanisms of both the premature and the
normal chromosome condensation in mitosis.
Here we report that PCC can be induced by ckadaic
acid or calyculin A in mammalian cells at any stage
of the cell cycle.

Reagents

Okadaic acid and calyculin A were obtained from
Wako Chemicals (Japan). Stock solutions of each
chemical (1 mM in ethanol) were stored at —20°C.
Bromo-deoxyuridine (BrdU) was obtained from
Sigma (U.S.A.), asa 10 mM stock solution stored at
4°C. Phytohemaggulutinin-P (PHA-P), concana-
valin A (Con A) and lipopolysaccharides (LPS)
were obtained from Difco (U.S.A.). Sigma (U.S.A.)
and Difco (U.S.A.), respectively.

Cell Culture and Chromosome Preparation

Peripheral blood was obtained by venipuncture
from healthy donors. Lymphocytes were separated
from whole blood using LymphoPrep (Becton
Dickinson) according to the supplier’s protocol.
Separated peripheral blood lymphocytes were
suspended in RPMI 1640 medium supplemented
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Fig. 1 PCC induced in human peripheral blood lymphocytes stimulated with phytohemaggulutinin-P by treatment
with 100 nM okadaic acid for 2 h. a: Early G1-phase PCC. A well condensed metaphase-like shape but a univalent
chromosome. b: Late G1-phase PCC. Chromatin is highly relaxed, but contains almost no thick section of chromo-
some (corresponding to replicating chromatin). ¢; S-phase PCC. Thick and thin portions of chromosomes are indicat-
ed by large and small arrows. respectively. d: A typical ‘pulverised’ form of S-phase PCC. e: G2-phase PCC. Bivalent

chromosomes but not so condensed. f: G2-phase PCC. Chromosomes are well condensed and have a similar shape to
metaphase chromosomes. Bar indicates 10 gm.
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with 20% fetal calf serum (FCS) and then stimulat-
ed with PHA-P plus human interleukin-2 (IL-2) for
48 h. Human cell lines AT(L)5KY and AT(L)6KY
were cultured exponentially in alpha-minimum
essential medium supplemented with 10% FCS. All
human cell cultures were conditioned in 5% CO, at
37°C. A single cell suspension from mouse spleens
was obtained from 6-week-old C57bl/6 strain (13)
and cultured in Dulbecco’s modified Eagle me-
dium (DMEM) supplemented with 100 FCS, 50 uM
2-mercaptoethanol, 2 mM L-glutamine and 5% (v/
v) activated EL4 supernatant (mouse IL-2) for
48 h. T and B lymphocytes were stimulated with
2.5 ug/ml Con A or 50 ug/ml LPS, respectively.
The mouse cell line Ba/F3 was grown exponen-
tially in DMEM supplemented with 10% FCS and
100 U/ml mouse recombinant interleukin-3 (IL-3;
viability depends on IL-3). All mouse cell cultures
were grown in 10% CO, at 37°C.

Cells were incubated for 2 h in 100 nM okadaic
acid or calyculin A. Asa simultaneous control, cells
were grown in colcemid (0.1 gg/ml) instead of oka-
daic acid or calyculin A for 2 h. Cells were then
harvested, resuspended in 75 mM KCI for 20 min,
fixed with methanol: Acetic acid (3:1 vol/vol) 3
times, the cell suspension dropped on a glass slide
and stained with a 5% Giemsa solution in 0.15M
phosphate-buffered saline (PBS) before image cap-
ture with a CCD camera attached to a Nikon
microscope and processing using Adobe Photoshop
on a Macintosh Quadra 950 computer.

BrdU Labelling and Diaminobenzidine Staining

Human peripheral blood lymphocytes were cul-
tured as described above. Two and a half hours
before harvesting, cells were pulse-labelled with
10 M BrdU (final concentration) for 30 min. Cells
were then washed 3 times with culture medium to
remove free BrdU, 100 nM of okadaic acid added,
and incubated for a further 2 h before fixation and
staining as described above. Incorporated BrdU was
detected as follows: Slides were immersed in 2N
HCI at room temperature for 30 min to denature
DNA, and then immersed in 0.1 M Na,B,0,,
pH 8.5. for a few minutes to neutralise the acid.
Slides were briefly washed twice in 0.5% Tween 20/
PBS. Twenty microlitres of mouse anti-BrdU
monoclonal antibody (Becton Dickinson), diluted
with 50 ul 0.5% Tween 20/PBS, was added to the
glass slide, and incubated at room temperature for
30 min in a humidified chamber. Slides were then
washed twice with PBS. An aliquot of peroxidase-
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conjugated anti-mouse antisera (CAPPEL: 1:200
dilution in 0.5% Tween 20/PBS) was dropped onto
each slide, and slides were incubated for further
30 min. Slides were washed 3 times with PBS and
then subjected to diaminobenzidine reaction.
Finally, slides were counterstained with 5% Giemsa
solution in 0.15 M PBS and images were transmitt-
ed to a computer as described above.

Whilst studying primary cultures of human pe-
ripheral blood lymphocytes, we found that okadaic
acid could induce PCC directly without blocking
them in S-phase. Seventy-two hours after stimulat-
ing lymphocytes grown with PHA | the culture con-
tains cells at various stages of the cell cycle. Fig. 1
shows the several kinds of PCC obtained after 2 h
treatment with 100 nM okadaic acid. G1- and G2-
PCC could be distinguished by their univalent or
bivalent chromosomes (Fig. 1. a, b, e and f). S-
phase PCC had a characteristic mixture of thick
and thin chromosomal parts, corresponding to
bivalent and univalent replicated chromatin (Fig.
Ic) and a *pulverised’ appearance (Fig. 1d), as de-
scribed elsewhere (21).

The presence of replication chromatin in the S-
PCC was confirmed by labelling with BrdU and
staining using the DAB reaction; incorporated
BrdU in the S-phase PCC appears brown (Fig. 2);
25.0% (8/32) of cells were induced to undergo PCC
and 15.6% (5/32) showed S-phase PCC (Fig. 2).

We next considered whether another inhibitors
of both PP1 and PP2A could induce PCC at any
phase of the cell cycle and whether the effect was
cell type-specific. Accordingly. a similar series of
experiments was performed on human peripheral
blood lymphocytes, two established human cell
lines. i.e. AT(L)5KY and AT(L)6KY. mouse spleen
cells stimulated with Con A or LPS. and the mouse
cell line Ba/F3 using 100 nM okadaic acid or calycu-
lin A.

Although there were differences in frequency of
PCC, all cell types were susceptible to okadaic acid,
although mouse cells were more resistant than
human cells (Fig. 3). However, mouse cell lines
responded strongly to calyculin A. Calyculin A
(100 nM) was cytotoxic to most mouse spleen cells
but almost all surviving cells underwent PCC
(> 90%: data not shown). Calyculin A at 10 nM
exerted less cytotoxicity and induced considerable
PCC.

The frequency of PCC obtained with either oka-
daic acid or calyculin A was higher in all cell lines
examined (ranging from 11.5% to 99.2%) than the
frequency of metaphase obtained after treating the
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Fig. 2 Various phases of S-PCC after incorporation of BrdU,
and staining sites containing analogs. The S-PCC (arrows)
appears light to dark brown in colour, depending on the degree of
incorporation of BrdU. Bar indicates 20 gm.
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same cultures with colcemid (1.4% to 12.0%: con-
trol study); these inhibitors effectively condense
chromosomes. The different responses of human
and mouse cells are probably attributable to differ-
ences in the sensitivity, permeability, or other
factors.

In this study, we have shown that okadaic acid
and calyculin A directly induce PCC in several
types of mammalian somatic cells. Okadaic acid
and calyculin A are specific inhibitors of type 1 and
type 2A protein serine/threonine phosphatases
(PP1, PP2A) (2-4). So PCC is probably induced by
the inhibition of PP1 and/or PP2A. The phenom-
enon of PCC was first demonstrated by cell fusion
with cells arrested in mitosis, suggesting that some
factor (s) accumulates in mitotic cells and drives
PCC. Several other findings imply protein phos-
phatases in chromosome condensation.

Germinal vesicle breakdown (GVBD) is a
phenomenon analogous to PCC that occurs during
the maturation of the oocytes. Here maturation
promoting factor (MPF), a P34°®%/cyclin complex
with kinase activity, is believed to drive GVBD
because the microinjection of anti-P34°®? anti-
bodies blocks the process (22).

Treatment of Xenopus oocyte extract with oka-
daic acid activates MPF (10), and microinjection of
okadaic acid induces the maturation of oocytes
(12). Furthermore, mutation of PP1 or PP2A pro-
duced abnormal mitotic phenotypes including
chromosome condensation (1, 7, 8, 15, 19, 20). The
precise function of protein phosphatases, however,
remains unclear.

Our results have practical implications. Several
findings of radiation-induced cleavage of chromo-
somes have been reported using the PCC tech-
nique (5, 6, 16, 25). Current methods of PCC
induction require a laborious cell fusion, involving
synchronising and collecting large amounts of
mitotic cells followed by fusion with target cells. It
is often difficult to obtain metaphase chromosomes
using colcemid which restricts analysis. This facile
method of inducing PCC allow the analysis of the
dynamics of replication fork movement in S-phase
(Asakawa and Gotoh, Cold Spring Harbor Labora-
tory Meeting, The Cell Cycle 1994; manuscript in
preparation) and breakage induced by irradiation
during interphase.
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