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Abstract . The staurosporine analogues, K-252a and
RK286C, were found to cause DNA re-replication in
rat diploid fibroblasts (3Y1) without an intervening mi-
tosis, producing tetraploid cells. Analysis of cells syn-
chronized in early S phase in the presence of K-252a
revealed that initiation of the second S phase required
a lag period of 8 h after completion of the previous S
phase . Reinitiation of DNA synthesis was inhibited by
cycloheximide, actinomycin D, and serum deprivation,
but not by Colcemid, suggesting that a functional G1
phase dependent on de novo synthesis of protein and
RNA is essential for entry into the next S phase . In a
src-transformed 3Y1 cell line, as well as other cell
lines, giant cells containing polyploid nuclei with
DNA contents of 16C to 32C were produced by con-

wo major events in the normal cell cycle, nuclear
DNA replication in S phase and nuclear division in
M phase, are tightly coupled with each other . Comple

tion of one is an essential requirement for initiation of the
other (Hartwell et al ., 1974 ; Hartwell, 1978) . For example,
mitosis is dependent on the completion of S phase ; blocking
DNA replication prevents the initiation ofmitosis in somatic
cells. The molecular mechanism of this coupling has been
studied using early embryos (Dasso and Newport, 1990),
several mutant cell lines (Nishimoto et al ., 1978 ; Osmani et
al ., 1988 ; Weinert and Hartwell, 1988 ; Enoch and Nurse,
1990), and drugs which cause premature mitosis in the ab-
senceofchromosomereplication (Schlegel and Pardee,1986 ;
Schlegel et al ., 1990) .
DNA replication is reciprocally dependent on previous

mitosis and is controlled so as to occur precisely once in
each cell cycle. An important clue to understanding the
mechanism underlying this regulation was provided by Rao
and Johnson (1970), who fused G2-phase cells with S-phase
cells and demonstrated that a nondiffusible factor is respon-
sible for blocking DNA re-replication in the G2 nucleus . Re-
cently, Blow and Laskey (1988) proposed a model based on
observations of chromosome replication in Xenopus egg
extracts . They assumed that an essential factor for DNA re-
replication is supplied from the cytoplasm to the chromo-
somes through breakdown of the nuclear envelope in mito-
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tinuous treatment with K252a, indicating that the
agent induced several rounds of the incompl
cycle without mitosis . Although the effectiv
tration of K-252a did not cause significant i
of affinity-purified p34cdc2 protein kinase activity in
vitro, in vivo the full activation of p34cdc2 kinase dur-
ing the G2/M was blocked by K252a. On the other
hand, the cyclic fluctuation of partially activated
p34cdc2 kinase activity peaking in S phase still con-
tinued . These results suggest that a putative protein ki-
nase(s) sensitive to K-252a plays an important role in
the mechanism for preventing over-replication after
completion of previous DNA synthesis . They also sug-
gest that a periodic activation of p34cdc2 is required for
S phases in the cell cycle without mitosis .

to cell
concen-
ibition

sis . However, very little is known about the molecular basis
of DNA re-replication control because ofthe paucity of suit-
able mutants or drugs for induction of chromosome replica-
tion without mitosis .
We have demonstrated re-replication of chromosomes un-

coupled from mitosis using trichostatin A and leptomycin B,
which cause specific arrest of the cell cycle at both G1 and
G2 phases (Yoshida and Beppu, 1988; Yoshida et al .,
1990b) . Cultured rat fibroblasts arrested by these agents at
G2 phase were directly introduced into GO phase. When the
agents were removed, most of the arrested cells reinitiated
their growth through Gl-S, producing proliferative tetraploid
cells . Thus release from arrest of the cell cycle at some stage
of G2 phase may induce a single round of DNA re-replica-
tion without mitosis . Recently, Broek et al . (1991) reported
similar re-replication in G2-arrested cdc2ls mutants of fis-
sion yeast after heat treatment .
On the other hand, numerous studies on the regulation of

the eukaryotic cell cycle have indicated the importance of a
variety of protein kinases in controlling the GO/Gl (reviewed
by Hunter and Cooper, 1985 ; Nishizuka, 1984), Gl/S (re-
viewedby Pardee, 1989), and G2/M transitions (reviewed by
Nurse, 1990), respectively. Our recent study (Abe et al .,
1991) using staurosporine, a potent inhibitor of protein ki-
nase C (Tamaoki et al ., 1986) and other protein kinases
(Davis et al ., 1989), also suggested the existence ofessential
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protein kinases acting on the GO/G1 and G2/M transitions .
To obtain further clues to the role of protein kinases in cell
cycle regulation, we tested the effect ofseveral protein kinase
inhibitors with different inhibitory specificities. The two
staurosporine analogues, K-252a (Kase et al ., 1986 ; Kase et
al ., 1987) and RK-2ß6C (Osada et al ., 1990), were found
to induce another type ofDNA re-replication in various cul-
tured cell lines. In contrast to the tetraploidy induced by
trichostatin Aor leptomycin B, successive DNA replication
cycles uncoupled from mitosis proceeded in the presence of
the staurosporine analogues, and longer incubation with the
agents produced highly polyploid cells with a single giant
nucleus. During these processes, the periodicity of DNA
replication was still maintained. This paper deals with the
DNAre-replication induced by K-252a andRK-2ß6C, which
is assumed to represent a cell cycle without mitosis. Involve-
ment of p34`á°2 protein kinase (Lee and Nurse, 1988 ; Nurse,
1990) and some other protein kinase(s) in coupling the pro-
gression of S andMphases is also discussed.

Materials andMethods

Materials
K-252a, IC252b, and staurosporine were purchased from Kyowa Hakko
Kogyo Co., Ltd. (Tbkyo).RK-286C was isolated from culturebroth of Strep-
tomyces sp. RK-286 as described previously (Osada et al ., 1990). San-
givamycin was obtained from a Streptomyces strain as described previously
(Osada et al ., 1989) . H7andgenistein were obtained fromSeikagakuKogyo
Co ., Ltd. (Tokyo) and Funakoshi Pharmaceutic Co ., Ltd. (Tokyo), respec-
tively. Cycloheximide, actinomycin D, and Colcemid were purchased from
Sigma Chemical Co . (St. Louis, MO). [methyl-3H]Thymidine (85 Ci/
mmol) and [-y-32P]ATP (5,000 Ci/mmol) were from Amersham Corp . (Ar-
lington Heights, IL). All the other chemicals were of reagent grade.

Cells andCell Synchronization
SR-3Y1, HR-3Y1 (Zaitsu et al ., 1988) and BHK21 were supplied by JCRB
Cell Bank . The cells were cultured in a humidified atmosphere of 5%
C02, 95% air at 37°C in ES medium supplemented with 2% calf serum
for FM3A or MEM supplemented with 12% FBS for the other cell lines.
The rat embryonic fibroblast cell line 3Y1-B (Kimura et al ., 1975) was
grown and synchronized at early S phase as described previously (Yoshida
and Beppu, 1988). Briefly, resting 3Y1 cells grown to confluence in MEM
supplemented with 12% FBS were transferred to medium containing 0.5%
serum but lacking glutamine. Most of the cells were introduced into GO
phase after 36 h of incubation in this medium . To obtain synchronization
at early S phase, the GO cells were trypsinized and seeded at 2 x 105
cells/5 ml per 60-mm dish (for flow cytometry), 5 x 10° cells/0.5 ml per
16-mm well (for DNAsynthesis), or 5 x 105 cells/10 ml per 100-mm dish
(for kinase assay) in MEM supplemented with 12 % serum, and then culti-
vated for 10 h without drugs and for a further 14 h with 1 mM hydroxyurea
(Sigma Chemical Co.) .

Flow Cytometry
Flow cytometry was used to analyze the distribution ofDNAcontent in the
cell populations. To avoid confusing binucleated diploid G2 cells with
tetraploid G2 cells, measurements were performed with isolated nuclei
stained with propidium iodide (Sigma Chemical Co .) according to the
methodof Noguchi and Browne (1978) . Total fluorescence intensities were
determined by quantitative flow cytometry using an Epics C System
(Coulter Electronics Inc., Hialeah, FL) equipped with a 5-W argon-ion la-
ser operated at 200 mW at a wavelength of 488 run. For highly polyploid
nuclei, the fluorescence intensity was determined on a log scale (see Fig.
6) instead of a linear scale (see Figs. 2, 3, and 5) .

Assay ofDNA Synthesis Activity
Cells were incubated in medium containing 1 ACi/ml [methyl-3H]thymi-
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dine for 1 h. After washing with cold PBS, the cells were lysed with 0.2
ml of 1% SDS for 15 min at room temperature. The lysate was mixed with
1 ml of 10% TCA. The precipitates obtained by TCAtreatment at 4°C for
1 h were collected on glass fiber filters, and the levels of radioactivity on
the dried filters were measured using a liquid scintillation spectrometer.
Data were expressed as means of quadruplicate assays.

Preparation of Cell Extracts
After starting the synchronous cultivation, the cells were harvested inter-
mittently using a rubber policeman. After washing with PBS, the cells were
homogenized in 100 Al of homogenization buffer (60mM 0-glycerophos-
phate, 15 mM nitrophenylphosphate, 25 mM MOPS, pH 7.2, 15 mM
EGTA, 15 mM MgCl2, 2mM DfT, 0.1 mM vanadate, 0.1 mM NaF, 10 Ag/
ml leupeptin, 10 wg/ml aprotinin, 10 gg/ml soybean trypsin inhibitor, 100
AM benzamidine) . The homogenates were centrifugedfor5 min at 4°C (full
speed in an Eppendorf-type centrifuge) Kubota Co., Ltd. (Tokyo), then the
supernatant was recovered and immediately loaded on p135"`1-Sepharose
beads.

p34cdc2KinaseAssay
p34`°`2 kinase activity was assayed according to the method ofArion et al .
(1988) using pl3s"I-Sepharose beads. p13 is the 13-kD product of the
fission yeast sucl gene (Hindley et al ., 1987), which was identified as a
plasmid-born sequence that rescues some temperature-sensitive cdc2 mu-
tants (Hayles et al ., 1986). This small peptide has been shown to be a
subunit ofthe cdc2 protein kinase in both yeast (Brizuela et al ., 1987) and
human cells (Draetta et al., 1987 ; Draetta and Beach, 1988). p13"-
bound Sepharose can be used as a reagent for rapid extraction of p34`2

and assay for its kinase activity since it absorbs not only p341but also
p34`á`2-associated proteins such as cyclins as the fully active complex
(Poudaven et al ., 1990). The p13s"t-Sepharose beads were kept at 4°C as
a20% (vol/vol) suspension in bead buffer (50 mM 'Iris, pH 7.4, 5 mM NaF,
250mM NaCl, 5mM EDTA, 5mM EGTA, 0.1% NP-40, 10 pg/ml leupep-
tin, 10 Feg/ml aprotinin, 10 Feg/nil soybean trypsin inhibitor, and 100 Ag/ml
benzamidine) . Just before use, 5 Al of packed p13s1t beads was washed
with 0.5 ml ofbead buffer and resuspended in 50 AI ofbead buffer. The su-
pernatant ofthe cell extract (50 Al) was added tothe beads, and the mixture
was stirred with constant rotation at 4°C for 30 min. The supernatant was
removed by brief centrifugation at 10,000 g, and the beads were washed
three times with 0.5 ml of bead buffer. The p34`á`2-bound beads thus ob-
tained were used immediately for determination ofp34`á'2 kinase activity.
All kinase assays contained 500nMsyntheticpeptide with a structure corre-
sponding to the inhibitory site ofCAMP-dependent protein kinase inhibitor
(Sigma Chemical Co.), 1 mg/ml histone Hl (type III-S, Sigma Chemical
Co .) 1 ACi [,y"P]ATP, and the p13"1-Sepharose in a final volume of
25 Al of assay buffer (60 mM ß-glycerophosphate, 30 mM nitrophenyl-
phosphate, 25 mM MOPS, pH 7.0, 5 mM EGTA, 15 mM MgCl2, 1 MM
DTT) . Kinase reaction mixtures were incubated at 30°C for 10 min and the
reaction was terminated by adding 8 Al ofPAGE sample buffer and boiling
for 3 min. The Hl kinase activity was quantified by autoradiography after
SDS-PAGE .

Results
Effect ofProtein Kinase Inhibitors on the Cell Cycle
ofRatDiploid FFbroblast Cells
We first tested the effects of various protein kinase inhibitors

on the distribution ofcellular DNA contents in exponentially

growing rat 3Y1 fibroblasts using quantitative flow cytome-

try. The results obtained 24 hafter addition of the agents are

summarized in Table I. Sangivamycin andH7, both reported

to be inhibitors ofprotein kinase C (Loomis andBell, 1988 ;

Hidaka et al ., 1984) caused arrest at GI . Genistein, an inhib-

itor of tyrosine-specific protein kinases (Akiyama et al .,

1987), caused rather nonspecific arrest, but partial accumu-

lation of cells in G2 phase. As we showed previously (Abe

et al ., 1991), a low concentration of staurosporine (Fig . 1)

blocked the cell cycle at GI phase, whereasahigher concen-

tration of the drug caused G2 arrest (Table I and Fig. 2, A
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Staurosporine K-252a RK-286C

Figure 1. Structures of staurosporine, K-252a, and RK286C .

and B) . In contrast, the two indolocarbazole derivatives
closely resembling staurosporine, K-252a and RK-286C
(Fig . 1), characteristically induced the formation of tetra-
ploid cells with an 8C DNA content as well as accumulation
of 02 cells with a 4C DNA content (Table I and Fig . 2 C) .
The possibility that the 8C cells were binucleated 4C cells
was ruled out, since flow cytometry was performed with iso-
lated nuclei obtained by treating the cells with NP-40. The
absence ofbinucleated cells was also confirmed microscopi-
cally. When K-252a was removed from the culture by wash-
ing, cell growth resumed and proliferative tetraploid clones
with a DNA content of 4C to 8C (Fig. 2 E) were easily iso-
lated . The effective concentration range of K-252a for pro-
ducing the tetraploid cells was 0.2-2.0 p.M, whereas concen-
trations >5 pM caused G2 arrest (data not shown) .

Effect ofK-252a on Cells Synchronized
in Early S Phase
To analyze how diploid cells were converted to tetraploid
cells in the presence of K-252a, we examined the process in
cultures of 3Y1 cells previously synchronized at early S
phase with hydroxyurea . Fig . 3 A shows the distribution pat-
terns of cellular DNA content in the control culture. After
removal of the hydroxyurea, transition of the peak from 2C
to 4C was observed within 6 h, indicating initiation of the
cell cycle from early S to G2 . Reappearance of the 2C peak
later than 6 h indicated further progression ofthe cycle from
G2/M to GI. Finally, the cells in the next S phase appeared
after 12 h . The presence of 1 pM K-252a in the synchronous
culture slightly delayed, but did not inhibit, the initial
progression from early S to G2 (Fig . 3 B) . The process from
G2/M to GI was completely blocked, and a second unusual
transition of the DNA peak from 4C to 8C was observed af-
ter 12 h in the presence ofK-252a . Analysis of DNA synthe-
sis activity assayed by pulse incorporation of [3H]thymidine
indicated that the distinct second round of DNA synthesis
started at 14 h (Fig . 4 A) . During these processes, no mitotic
cell or chromosome condensation was evident microscopi-
cally (Fig . 4 B) . These results strongly suggested thatK-252a
did not inhibit either the initial or second round of DNA syn-
thesis, but interfered with entry of the G2 cells into mitosis .
As a consequence, we may assume that the cells were con-
verted to proliferative tetraploid cells . However, it also
seemedpossible thatasymmetric segregation ofchromosome
during mitosis might have produced both tetraploid and anu-
cleated cells as progeny, as observed in fission yeast cut mu-
tants (Hirano et al ., 1986) . To check whether such a mitotic
process is necessary for tetraploid formation by K-252a, we
added Colcemid to the above synchronous culture in thepres-
ence of K-252a . As shown in Fig. 5 B, Colcemid did not
block the formation of tetraploid cells, indicating that mi-
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Table I. Distribution ofDNA Content in Asynchronous
Culture of3Y1 Cells Treated with Various Protein
Kinase Inhibitors

Exponentially growing 3Y1 cells were treated with various protein kinase in-
hibitors for 24 h and the distribution of DNA content and relative cell numbers
(cell number at 24 h per initial cell number at 0 h x 100) were determined .

tosis was not required for the tetraploidization . In addition,
no mitotic cells were observed after Colcemid addition, indi-
cating thatK-252a itself inhibited entry into mitosis (data not
shown) .

In the normal somatic cell cycle, progression of GI phase
depends on the presence ofgrowth factors and is fairly sensi-
tive to inhibitors of both RNA and protein synthesis . During
tetraploid induction by K-252a, therewas an interval ofN8 h
between completion of the first DNA replication and initia-
tion of the second S phase (Fig . 4) . To examine whether this
interval corresponds to the normal Gl phase, we analyzed
the effect ofserum deprivation on the formation of tetraploid
cells. Cells released from hydroxyurea arrest were exposed
to serum-free medium in the presence or absence of K-252a .
In the control cultures without K-252a, most ofthe cells were
introduced into GO/G1 phase with a 2C DNA content ;
through S, G2, and M phases, within 24 h (without K-252a ;
Fig. 5 C) . On the other hand, the presence of K-252a ar-
rested the cells in a 4C DNA state and inhibited the appear-
ance of cells with an 8C DNA content (with K-252a ; Fig .
5 C) . Readdition of serum to the K-252a-treated culture
caused reinitiation of S phase without passage through mito-
sis (data not shown) .
The effects of metabolic inhibitors on tetraploidy forma-

tion were also examined using actinomycin D and cyclohexi-
mide . The minimal effective concentrations of actinomycin
D and cycloheximide for GI arrest were determined to be
0.01 ttg/ml and 0.2 pg/ml, respectively (Fig . 5 D and Fig . 5
E [without K-252a]) . Each drug was then added with K-252a
to the early S-synchronous culture at 0 h . As shown in Fig .
5 D and E, both drugs failed to inhibit the first DNA synthe-
sis but prevented initiation ofthe subsequent second replica-
tion in the presence of K-252a . All these results indicate that
a functional Gl phase, which is dependent on serum factors
and RNA/protein synthesis, intervenes between the two
rounds of DNA replication seen in the presence of K-252a .

Induction ofPblyplold Giant Cells by K-252a
The above results indicate that K252a induces an incomplete
cell cycle composed of S, G2, and Gl . If such a cycle is
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Inhibitor Concentration

Percent cell

2C 2-4C

population

4C >4C
Relative

cell number

WM %
None - 56 23 21 0 267
H7 100.0 73 9 18 0 91
Sangivamycin 3.2 76 8 16 0 177
Genistein 37.0 47 18 35 0 101
Staurosporine 0.2 14 2 79 5 69

0.02 87 5 8 0 168
K-252a 1 .0 2 4 32 62 126
K-252b 20.0 64 18 18 0 213
RK-286C 0.5 3 5 42 50 64
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Figure 2. Formationofproliferative tetraploid cells during treatment
with K-252a . Asynchronous 3Y1 cultures were treated with stauro-
sporine (A and B) or K-252a (C and D) at various concentrations
for 24 h . The treated cells were collected and the distribution pat-
terns of DNA content in their isolated nuclei were determined by
flow cytometry. (A) 0.2 AM staurosporine . (B) 0.02 AM stauro-
sporine . (C) 2 AM K-252a . (D) 0.2 AM K-252a . (E) Confluently
grown clonal tetraploid cells isolated from the culture shown in C.
(F) Control diploid 3Y1 cells .

repeated during the treatment, higher polyploid cells will be
formed . Although prolonged treatment of 3Y1 cells with
K-252a did notproduce cells with a DNA content higher than
8C, highly polyploid cells were produced by various other
cell lines . These cell lines were : SV3Y1, an SV40-trans-
formed 3Y1 cell line ; SR3Y1, an RSV-transformed 3Y1 cell
line ; HR-3Y1, a v-H-ras-transformed 3Y1 cell line ; Balb/c-
3T3, an embryonic fibroblast cell line from Balb/c mouse ;
BHK21, a fibroblast cell line from the kidney of a Syrian
hamster; HeLa-S3, an epithelium-like carcinoma cell line
from the human cervix ; MEL, a murine Friend erythroleu-
kemia cell line ; and FM3A, a murine mammary gland tumor
cell line . Exponentially growing cells in random culture
were challenged with 1 AM K-252a and then cultivated for
48 h . The distribution profiles ofcellular DNA contents were
determined by flow cytometry (Table II) . As expected, some
cell lines, especially SR-3Y1, produced fairly large numbers
of cells with extremely high DNA contents of more than
16C . Cytofluorograms obtained from cultures of SR-3Y1
treated with K-252a are shown in Fig . 6. Five sharp peaks
corresponding to 2C, 4C, 8C, 16C, and 32C were observed
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F

Figure 3. Effect of K-252a on distribution of DNA content in syn-
chronous cultures released from hydroxyurea block . Early S-syn-
chronous cultures were obtained by treatment with 1 mM hydroxy-
urea as described in Materials and Methods, and the cells were
released and exposed to normal growth medium (A), or medium
containing 1 AM K-252a (B) . At the indicated times, cells were col-
lected and their isolated nuclei were analyzed by flow cytometry.
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Figure 4. Effect ofK-252a on DNA synthesis activity and entry into
mitosis in early S-starting synchronous culture . Early S-synchro-
nized cultures were released by washing away the hydroxyurea, and
then exposed to growth medium (9) or medium containing 1 JIM
K-252a (o) . At the indicated times, incorporation of l'Hjthymi-
dine into the acid-insoluble fraction for 1 h (A) and mitotic indices
(B) were determined .

in the SR-3Y1 culture treated for 48 h . 16C was the main
peak, suggesting that at least three rounds of DNA re-repli-
cation occurred without mitosis . The sharp profiles of all the
peaks implies that a considerably long gap phase is present
in each replication cycle . These cells with extremely high
DNA contents were distinctly larger than the control cells

Figure S. Effects of culture
A I

	

I

	

I

	

conditions on K-252a-induced
tetraploidization. Early S-start-
ing synchronous cultures were

I

	

exposedto growth medium (A)
or several growth inhibition
media (B-E) with (right col-
umn) or without (left column)
1 AM K252a at time 0, and
the distribution patterns of
DNAcontentweredetermined
24 h after removal of hydroxy-

. _

	

I	urea . The growthinhibition me-
dium for blocking of M phase
contained 1 b

	

Colcem
(B) . For inhibition of GI pro

2c 4c

	

ac

	

2c 4c

	

ac

	

gression, the cells were trans-
ferred to serum-free medium
(C), medium containing 0.01

Ag/ml actinomycin D (D), or that containing 0.2 Ag/ml cyclohexi-
mide (E) . Since analysis was performed with isolated nuclei, meta-
phase cells in the absence of a nuclear envelope showed a broad
peak lower that 4C (B, left column).

-K-252a +K-252a

D

E

1278

Relative DNA content

á



Table H. Distribution ofDNA Content of Various
Cell Lines Treated with K-252a

Exponentially growing cells ofeach cell line were treated with K-252a for 48 h
and the distribution of their DNAcontent was determined . To avoid confusing
multinucleated cells with polyploid cells, flow cytometry was performed with
isolated nuclei . All cell lines except FM3A were treated with 1 WM K-252a .
A lower concentration of 0.4 pM was used for FM3A due to deleterious effects
at a concentration of 1 ItM.

and possessed a single large nucleus (Fig . 7) . Treatment of
SR-3Y1 cells with K-252a for 72 h produced a main peak at
32C and a small population of cells with a 64C DNA con-
tent, but no further polyploidization was observed even after
72 h (data not shown) .
We were unable to establish polyploid clones from such

cultures because they died rapidly after the removal of
K-252a . Abnormalities of mitosis, such as disruption of the
giantnucleus into multiple nuclei anddegradation ofthe frag-
mented cells, were frequently observed during release (data
not shown), suggesting that cells containing polyploid nuclei
higher than tetraploid may lose their reproductive integrity .

Effect ofK-252a on Activity ofp34-2 Kinase
The cdc2 gene product, p34°dc2 , has been revealed to be the
key protein kinase component of the M phase-promoting
factor (MPF) and a universal controller of mitosis (Nurse,
1990) . In yeast, p34cdc2 is also assumed to play a role in GI
in the processes immediately preceding the initiation of
DNA replication (Nurse and Bissett, 1981 ; Piggott et al .,
1982) . Although solid evidence for the requirement of
p34cdc2 in GI/S has not been obtained in higher eukaryotes,
involvement of a p34cdc2-like protein in DNA replication has

Figure 6. Effect of K-252a on dis-
tribution of DNA content in cul-
ture of SR-3Yl cells . An asyn-
chronous culture of SR-3Y1 cells
was treated with 1 jM K-252a .
The distribution patterns of DNA
content in the control culture with-
out K-252a treatment (A), and in
cultures treated with K252a for
24 (B) or 48 (C) h, were deter-
mined as described in Materials

Relative DNA content

	

and Methods .
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been suggested (Blow and Nurse, 1990), and weak kinase ac-
tivity has been detected during interphase (Giordano et al .,
1989) .
We examined the effects of K-252a on the in vitro activity

of the p34,*2 kinase, as well as the in vivo activity of p34cd°2
kinase during DNA re-replication without mitosis . The most
active p34cdc2 preparation was obtained from the 3Y1 cells
arrested at metaphase with Colcemid, using the affinity of
p13-1-bound Sepharose (Arion et al ., 1988) . The effect of
K-252a on the kinase activity in vitro was investigated using
histone Hl as a substrate (Fig . 8) . The IC50 value was esti-
mated to be 6 p.M, which was appreciably higher than the
effective concentration for production of tetraploid cells in
vivo (0.2-2.0 pM). Although direct inhibition of the p34cdc2
kinase activity by K-252a seems insufficient to explain its in
vivo induction of DNA re-replication, this cannot be con-
cluded with certainty, since intracellular accumulation ofthe
agent may also occur.
Next we examined changes in the intracellular activity of

p34cdc2 kinase in cells synchronized in early S phase in the
presence or absence of K-252a . The p34cdc2 kinase was ex-
tracted from cells in each culture and assayed for Hl kinase
activity in the absence of drugs . In the control cultures with-
out the agent, kinase activity increased to reach a peak at M
phase and then decreased (Fig . 9 A) . The presence of Col-
cemid prevented the decrease after M phase due to meta-
phase arrest (Fig . 9 B) . In the culture with K-252a, weak
kinase activity was detected during S phase, but no further
activation of the kinase to the maximum at M phase was
observed . Thereafter, the activity was more suppressed dur-
ing the period corresponding to the Gl phase of tetraploid
cells (Fig . 9 C). Another interesting observation was that
the weak activity in the cells treated with K-252a appeared
again after 18-24 h, coinciding with initiation of the second
S phase in the treated cells . A similar but longer cultivation
until 36 h after exposure to K-252a clearly showed oscilla-
tion of the kinase activity (Fig. 9 D) . The results show that
DNA re-replication in the presence of K-252a is accompa-
nied by partial activation of p34cdc2 kinase activity.

Discussion
The effects ofseveral protein kinase inhibitors on the cell cy-
cle summarized in Table I may reflect the involvement of a
variety of protein kinases in cell cycle control in either Gl
or G2 phase. Staurosporine, sangivamycin, and H7, all de-
scribed as inhibitors of protein kinase C, caused Gl block,
suggesting the importance ofthe kinase in GI phase. In addi-
tion, staurosporine causes G2 block at higher concentrations
(Abe et al ., 1991), probably due to inhibition of a kinase
different from protein kinase C. In fact, various protein ki-
nases are inhibited by staurosporine to varying degrees
(Davis et al ., 1989) . Although the two staurosporine ana-
logues, K-252a and RK-286C, were originally reported to be
protein kinase C inhibitors, we observed here that they in-
duced distinctly different changes in the cell cycle ; i .e .,
marked DNA re-replication uncoupled from mitosis . Prefer-
ential inhibition of some specific protein kinase by these ana-
logues may cause these differences in their mode of action .

Recently, Kung et al . (1990) reported that agents inducing
disruption of the mitotic spindle apparatus (Colcemid, no-
codazole, and taxol) introduced M-phase cells into subse-
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Cell line 2C 2-4C

Percent cell

4C

population

>4C >8C >16C

3Y1 5 7 43 45 0 0
SV-3Y1 6 8 1 78 48 6
SR-3Y1 2 1 4 93 82 45
HR-3Y1 4 6 8 82 66 23
Balb/c-3T3 7 9 7 77 49 19
BHK21 11 10 40 39 8 4
HeLa-S3 3 8 15 74 10 0
MEL 8 9 33 50 13 0
FM3A 12 10 17 61 22 4



Figure 7. Polyploid giant cell formation by K-252x . A shows the control culture of SR3Y1 cells without treatment . Cells were stained
with Giemsa after methanol fixation . B shows polyploid giant cells that were generated from SR-3Y1 cells by treatment with 1 AM K-252a
for 48 h . (C) A direct comparison between cells in A and B; diploid cells in A were trypsinized, seeded into the polyploid cell culture
in B, and cocultivated for 2 h . The diploid cells are indicated by arrows . All the photographs were taken after the experiment using the
same magnification . Bar, 100 jm .

quent stages of the cell cycle without division, resulting in
so-called endoreduplication to form polyploid cells . The
mechanism ofpolyploidization induced by K-252a is clearly
different from endoreduplicatíon by these agents, since K-252a
did not cause any accumulation of M-phase cells or chromo-
some condensation, but inversely inhibited the entry of G2
cells into mitosis . The results presented here strongly sug-
gest that a protein kinase(s) sensitive to K-252a is involved
in the blocking of DNA re-replication in the G2 nuclei ofso-
matic cells, thus assuring the tight coupling of S phase with
M phase.
Our previous studies using the GI and G2 inhibitors,

trichostatin A (Yoshida and Beppu, 1988) and leptomycin B
(Yoshida et al ., 1990b), have shown that tetraploid formation
is induced after release of 3Y1 fibroblasts from G2 arrest by
these agents . Biochemical and genetic analyses have revealed
that trichostatin A is not a protein kinase inhibitor, but a po-
tent and specific inhibitor ofmammalian histone deacetylase
(Yoshida et al ., 1990x) . Although the target molecule of
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Figure 8. Effect of K-252a on the active p3412 kinase from M-phase
cells . Active p34cd z kinase was extracted from Colcemid-arrested
metaphase 3Y1 cells using pl3s-J-Sepharose beads . Beads-bound
p34cdcz kinase activity was assayed as described in Materials and
Methods and the effect of K-252a on the activity was determined .
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leptomycin B is still unknown, the agent did not show any
inhibitory effect on histone deacetylase and protein kinases
(unpublished results) . Appearance of tetraploid cells was
also observed upon release of some temperature-sensitive
mutants of 3Y1 from arrest at G2 (Yamada and Kimura,
1985) . We may assume that the G2-arrested cells gradually
lose their "G2 memory" during arrest by these agents or
through mutation, probably due to degradation of some fac-
tor essential for mitosis, and that the arrested cells are repro-
grammed to initiate S phase without mitosis . Recent analysis
of several mutants of Schizosaccharomyces pombe diploi-
dized by transient heat treatment indicated that the factor re-
sponsible for such a "G2 memory" was cdc2 protein kinase
itself (Broek et al ., 1991) . Although these increases in ploidy
are similar to the effects of K-252x, an obvious difference is
that the DNA re-replication induced by K-252a proceeds in
the presence of the agent . This may indicate that K-252a
causes selective arrest of the G2 progression for M phase
without inhibition of the "start" activity for S phase during
GI . Since cdc2 kinase is assumed to be required for the pro-
gression ofboth GI and G2 phases, inhibition of some other
kinase specific for G2 may be responsible for the extensive
re-replication induced by K-252x .
Blow and Laskey (1988) proposed a simple model for the

apparent DNA re-replication block in G2, based on experi-
ments with a cell-free DNA replication system from Xenopus
eggs . They observed that replicated nuclei never re-repli-
cated unless they hadpassed through mitosis, whereas break-
down or permeabilization of the nuclear envelope allowed
re-replication in this system . They assumed that an essential
initiation factor allowing DNA replication becomes exhausted
in the nucleus during DNA replication, and that this cyto-
plasmic "licensing factor" is supplied to chromosomes upon
breakdown of the nuclear envelope during the next mitosis .
This hypothesis alone cannot explain our present results,
since re-replication induced by K-252a occurred without mi-
totic processes .
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We observed a distinct interval corresponding to GI be-
tween the first and second DNA replications in 3Y1 cells
treated with K-252a . Flow cytometric analysis of SR-3Y1 af-
ter prolonged culture with K-252a also suggested the pres-
ence of fairly long intervals between the DNA re-replication
phases to produce 8C or 16C cells . These results indicate
that the periodicity of DNA replication is maintained with-
out mitotic processes in K-252a-treated cells . Thus the
whole process may be considered to be an incomplete cell
cycle without mitosis (Fig . 10) .

It seems evident that some unknown oscillation mecha-
nism or clock determines the timing for initiation of DNA
replication in K-252a-treated cells irrespective of mitotic
processes . The weak intracellular activity of the p34ce~2 ki-

Figure 10. A model for the cell
cycle without mitosis induced
by K-252a . In the normal cell
cycle, active p34°c2 is assumed
to be required for both the
Gl/S and G2/M transitions .
None ofthe mitotic processes,
including nuclear envelope
breakdown, nuclear and cell
division, and mitotic activa-
tion of the p34cdc2 kinase (bro-
ken lines), are observed in the
presence of K-252a, but pe-
riodic activation of p34cdc2 in
S phase and DNA replication

can still occur even in the absence of mitosis (solid lines) . Conse-
quently, continuous cell cycles without mitoses induced by K-252a
result in automatic polyploidization .

Usui et al. Cell Cycle without Mitosis Induced by K-252a

Figure 9. Change in intracellular activity of
p34cdc2 kinasd in early S-synchronous cul-
ture . (A) The p34cdc2 kinase was extracted
from control synchronous cultures without
drugs at the indicated times and assayed for
Hl kinase activity. (B) Early S-synchronous
cultures were challenged with I ug/ml Col-
cemid at time 0. The p34cdc2 kinase was ex-
tracted from the cells at the indicated times
and assayed for Hl kinase activity. (C and
D) Early S-synchronous cultures were chal-
lenged with 1 uM K-252a at time 0 . The
p34cdc2 kinase was extracted from the cells
at the indicated times and assayed for Hl ki-
nase activity.

nase in K-252a-treated cells showed an increase correspond-
ing to the DNA replication, but full activation of the kinase
normally occurring in M phase was not observed, as illus-
trated in Fig . 10. Thus K-252a seems useful for observing
the lower activity of p34cdc2 kinase by diminishing the very
potent activity present in M phase . The results obtained
using K-252a suggest that partially active p34cdc2 kinase
may play an essential role in DNA replication as a putative
diffusible S-phase activator (Rao and Johnson, 1970) or as
a start-promoting factor associated with GI cyclins (Witten-
berg et al ., 1990 ; Murray, 1991) .
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