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Abstract The aim of the present study was to investigate bromodeoxyuridine (BrdU) uptake and coordinated
distribution of proliferating cell nuclear antigen (PCNA) and p34-cdc2-kinase, two important proteins involved in cell
cycle regulation and progression. Flow cytometric analysis of marker proteins in freshly plated mouse T-lymphoma cells
(Yac-1 cells), using fluorescein isothiocyanate (FITC)-labeled specific antibodies, showed PCNA distributed throughout
the cell cycle with increased intensity in S-phase. PCNA is essential for cells to cycle through S-phase and its synthesis is
initiated during late G1-phase before incorporation of BrdU and remains high during active DNA replication. The
intensity of PCNA fluorescence increases with the duration of incubation after plating. The cdc2-kinase was detectable
in ail phases of the cell cycle and the G2-M-phase appears to have the maximum concentrations. The cell cycle analysis
of high dose colcemid (2 pg/ml) treated Yac-1 cells showed an aneuploid or hypodiploid population. Although the
G2-M-phase seems to be the dominating population in aneuploid cells, the concentrations of cdc2-kinase were variable
in this phase of cell cycle. The colcemid treatment at 25 ng/ml arrested 96% of cells in S-phase and G2-M-phase, but
PCNA expression was evident in a portion of the cell population in G2-M-phase. Although cells blocked in M-phase
seem to have high levels of cdc2-kinase, colcemid renders them inactive. From these data, it appears that the down
regulation and/or inactivation of cdc2-kinase could be responsible for the colcemid arrest of cells in
M-phase.  © 1993 wiley-Liss, Inc.
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Numerous proteins have been identified in
the nucleus and cytoplasm of eukaryotic cells

involved in the control of cell proliferation has
provided new insights into the understanding of

which are synthesized or activated in specific
phases of the cell cycle. The proteins such as
proliferating cell nuclear antigen (PCNA/cyclin)
[Bravo and Macdonald-Bravo, 1985, 1987; Bravo
et al., 1987; Celis et al., 1987}, p105 nuclear
associated antigen [Bauer et al., 1986; Turner et
al., 1989; Swanson and Brooks, 1990], Ki-67
antigen [Swanson and Brooks, 1990; van Dieren-
donck et al., 1991], p110 and p85 [Black et al,,
1987], and p120 and p145 [Bolton et al., 1992]
are known to be differentially distributed
throughout the cell cycle at various levels and
are used as markers for localizing cells in spe-
cific phase. The identification of these proteins
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mechanisms underlying control of cell growth
and transformation.

An acidie nuclear polypeptide of the molecular
weight 36,000 daltons identified as PCNA/
cyclin is an auxiliary protein for processivity of
DNA polymerase-delta [Tan et al., 1986; Bravo
et al.,, 1987]. Immunofluorescence analysis of
synchronously growing cell populations using
antibodies against PCNA/cyclin has revealed
dramatic changes in the nuclear distribution of
this protein during the S-phase of the cell cycle
[Celis and Celis, 1985; Morris and Mathews,
1989; Bolton et al., 1992]. Cells in Go-G1, G2,
and mitosis exhibit weak antibody affinity, while
S-phase cells show variable patterns of staining
in terms of both intensity and distribution of the
antigen [Bravo and Macdonald-Bravo, 1985; Ce-
lis and Celis, 1985; Miyashi et al., 1978]. PCNA/
cyclin is present in very small amounts in senes-
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cent and quiescent cells and tissues, but it is
synthesized actively in proliferating cells, partic-
ularly in S-phase, of both normal and trans-
formed phenotypes including tumors [Celis and
Celis, 1985; Robbins et al., 1987; Garcia et al.,
1989; Morris and Mathews, 1989; Kawakita et
al., 1992].

Changes in PCNA/cyclin levels also point to
coordinated regulation in other phases of the
cell cycle. For example, the onset of M-phase in
eukaryotic cells is determined by cyclin-associ-
ated activation of protein kinase activity of cdc2,
a cell division control-2 gene encoding a 34 kD
protein kinase (cdc2-kinase) [Nurse, 1990].
Three mitotic cyclins, A, B1, and B2, form com-
plex with cdc2-kinase during the cell cycle. B-
type cycling form a complex with ede2-kinase
that is most active as an Hl-kinase at meta-
phase during the human somatic cell cycle [Pines
and Hunter, 1989]. cdc2-Kinase along with B-
type cyclin have been shown to be the main
components of Xenopus maturation promoting
factor and M-phase specific histone H1-kinase
[Arion et al., 1988; Gautier et al., 1988; Dunphy
et al., 1988]. The kinase activity of cdc2-cyclin
complex is also regulated by a phosphorylation
site located in the ATP-binding site of cdc2 at
tyrosine 15 [Draetta and Beach, 1988; Solomon
et al., 1990; Nurse, 1990; Pines and Hunter,
1991]. The dephosphorylation of this site acti-
vates the cdc2-kinase, which then causes cells to
enter mitosis [Fang and Newport, 1991]. Micro-
injection of cdc2-kinase promotes the transition
of cells from G2 into the early mitosis [Lamb et
al., 1990]. These findings suggest that the cdc2-
kinase is a key enzyme acting when cells enter
and complete mitosis or meiosis. Phosphoryla-
tion of some of the key proteins leads to the
major M-phase events, including chromosome
condensation, cytoskeletal reorganization, enve-
lope breakdown, and cell shape changes [Nurse,
1990; Maller, 1990; Lewin, 1990].

In this paper we present evidence that PCNA/
cyclin protein is stable during the cell cycle and
is expressed at its peak in G1-S-phase popula-
tions as determined by fluorescence-labeled anti-
PCNA antibodies in exponentially growing Yac-1
cells. The experiments using anti-cdc2-kinase
antibodies demonstrate that cdc2-kinase is
highly expressed in mitosis or at the interphase
of G2- and M-phase and could be involved in
degradation of PCNA during the transition from
a growing to a quiescent cell. The accumulation

of PCNA/cyclin and cdc2-kinase may play a role
in the arrest of cells in M-phase upon colcemid
treatment.

MATERIALS AND METHODS
Cell Line

Yac-1 murine T-lymphoma cells were ob-
tained from American Tissue Type Culture Col-
lection (Rockville, MD). The cells were grown
and maintained in RPMI-1640 (Gibco Laborato-
ries, Grand Island, NY) containing 10% fetal calf
serum (Sigma Chemical Company, St. Louis,
MO), 2 mM glutamine, 100 U/ml penicillin, and
100 wg/ml streptomycin. The apparent doubling
time of Yac-1 cells, at a density of 0.33 x 108
cells/ml, was approximately 10—12 h. The viabil-
ity of cells was approximately 90-95% as as-
sessed by trypan blue exclusion. All experiments
were performed on cells during the exponential
phase of their growth.

S-Phase Labeling With
Bromodeoxyuridine (BrdU)

Cell progression through the cell cycle was
measured by labeling with 10 uM BrdU in me-
dium for 2 h. The progression of BrdU-labeled
populations was followed for 48 h in BrdU-free
medium. In parallel experiments cells were con-
tinuously labeled with BrdU up to 24 h. The
BrdU incorporation in cells was detected using
fluorescein isothiocyanate (FITC)-labeled anti-
BrdU monoclonal antibodies (Boehringer Mann-
heim, Indianapolis, IN) according to the proce-
dure outlined by Schutte et al. [1987]. The
proportions of cells in different phases of the cell
cycle were then detected by staining with propid-
ium iodide (PI) (50 pg/ml) in phosphate buff-
ered saline (PBS) for 30 min and analyzed by
flow cytometry. The rate of progression was
estimated based on decrease in number of cells
in G1-phase and increase in S- and G2-M-phases
[Darzynkiewicz et al., 1987].

Detection of PCNA and cdc2-Kinase

Fresh cultures of Yac-1 cells were incubated
in the presence of 25 ng/ml or 2 pg/ml colcemid
(Sigma). Control incubations for the same peri-
ods were devoid of colecemid. Cells subjected to
flow cytometric analysis were fixed in a suspen-
sion of 70% ethanol for 30 min. Cellular DNA
and specific proteins were measured by rehydrat-
ing cells in PBS followed by staining with anti-
bodies or PI. The cell ¢ycle distribution of PCNA
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was measured by localization of anti-PCNA
monoclonal antibodies (clone #19F4, Coulter
Cytometry, Hialeah, FL), detected by FITC-
labeled anti-mouse IgM raised in goat. The cdc2-
kinase was measured by localization of poly-
clonal anti-mouse cdc2-kinase against 264-288
residues at the C-terminus [Samiei et al., 1991],
raised in rabbit (Upstate Biotechnology, Inc.,
Lake Placid, NY). Antibodies were detected by
FITC-labeled secondary antibodies against rab-
bit IgG raised in donkey (Chemicon, Temecula,
CA).

Flow Cytometry

Fluorescence of individual cells was measured
with an Epics® Elite Flow Cytometer (Coulter
Electronics, Inc., Hialeah, FL). The single cell
population detected by forward and side scatter-
ing was selected for collecting data on red and
green fluorescence emitted by PI and FITC. The
fluorescence dyes were excited at 488 nm by a 15
mW argon ion laser. The FITC fluorescence was
collected by means of a 525 nm band pass filter
and PI fluorescence by means of a 575 nm long
pass filter. The data collected in list mode were
further analyzed using Multiplus® software
(Phoenix Flow System, San Diego, CA), which
incorporates Multicycle analysis and Multi2D
software for further analysis of PCNA, cdc2-
kinase, and BrdU-labeled cell populations.

RESULTS

BrdU Incorporation in Exponentially
Growing Cells

The progression of cell populations through
various phases of the cell cycle was first moni-
tored by labeling with BrdU after plating fresh
cultures. Cells were either labeled for 2 h and
followed for 24 h in label-free medium, or were
continuously labeled with BrdU for 24 h in
BrdU-containing medium. As shown in Figure
1A, cells entering in S-phase are first labeled
with BrdU as detected by FITC-labeled anti-
BrdU monoclonal antibodies. The BrdU-posi-
tive cells after removal of BrdU from medium
slowly progress through G2-M and enter in
Go-G1 (Fig. 1B,C). The cells labeled during the
initial labeling period of 2 h are located in S-
phase only (Fig. 1D) and at the 8 h time interval
after BrdU labeling 95% of cells were progress-
ing through G2-M-phase (Fig. 1E). BrdU-posi-
tive cells were present throughout the cell cycle
18 h after labeling (Fig. 1F). The distribution of

cells cycling through each phase remained con-
stant throughout the 24 h BrdU chase period.
The percent distribution of cells in various
phases of the cell cycle varied between different
experiments within acceptable limits. However,
BrdU-positive cells progressed through each
phase in the first 6-8 h after labeling and the
cells entered into resting phase (Go-G1).

The cells continuously grown in BrdU-contain-
ing medium, all of the cells in S- and G2-M-
phase, were labeled in the first 4-6 h (Fig. 2A,B),
and then the cells cycled through the resting
phase (Go) between 6 and 24 h. At the 14 h
interval, as shown in Figure 2C and Figure 2F,
all of the cells irrespective of their position in
the cell cycle were labeled with BrdU. The cells
in these conditions were found to be exponen-
tially growing for at least 12-18 h and were in
plateau between 24 and 48 h. A large percentage
was found in the Go-G1 peak at 48 h after
plating in fresh medium.

Distribution of PCNA During the Cell Cycle

Samples taken at similar time points in expo-
nential phase of growth as in BrdU labeling
experiments described in Figures 1 and 2 were
analyzed for quantitation of PCNA/cyclin in
each phase of the cell cycle. The bivariate histo-
gram for PCNA/cyclin labeling and single param-
eter DNA histograms are shown in Figure 3.
After 4 h of incubation following fresh plating,
about 70% of the cells were detected in S-phase
and G2-M-phase and showed high content of
PCNA/cyclin. Approximately 20% of PCNA-
positive cells were in Go-G1-phase and showed
low levels of PCNA/cyclin (Fig. 3A,B). The pop-
ulation of PCNA-positive cells after subtracting
fluorescence of isotype control (IgM) was specif-
ically located in S-phase only (Fig. 3C). The
analysis of single parameter DNA histograms
indicated that 55% of total cell population was in
S-phase and bivariate analysis showed 87% of
PCNA-positive cells in S-phase. There was a
significant increase in PCNA/cyclin concentra-
tions from G1- to early S-phase and these levels
were sustained or increased further in late S-
and early G2-M-phase (Fig. 3A). The PCNA/
cyclin concentrations increased continuously
during exponential growth (Fig. 4), which could
represent a characteristic associated with trans-
formation phenotype of rapidly dividing Yac-1
lymphoma cells in culture.
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Fig. 1. Bivariate and cell cycle analysis of Yac-1 cells labeled
for 2 h pulse in the presence of BrdU after plating in fresh
medium. After incubating for 2 h in the presence of 10 uM
BrdU, cells were kept in fresh medium without BrdU and
harvested at 2 h (A), 8 h (B), and 18 h (C) after labeling and

Localization of cdc2-Kinase in M-Phase

The dual parameter analysis of exponentially
growing cells in medium after 6 h showed that
the cde2-kinase content, as determined by anti-
cde2-kinase antibodies, in Go-G1l-phase and in
S-phase of cell cycle was lower than in G2-M-
phase (Fig. 5). As shown in Table I, only 12.8%
of the cell population was positive for cde2-
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stained with PI for detection of DNA and FITC-labeled anti-
BrdU. D-F show the distribution of BrdU-positive cells in each
phase of cell cycle: S = 100% at 2 h (D), S = 5%, G2-M = 95%
at 8 h (F), and Go-G1 = 12%, S = 39%, and G2-M = 49% at 18
h (F) after pulse-labeling.

kinase content and 50.8% of these positive cells
were in G2-M-phase. This finding was con-
firmed when the cells were incubated with low
colcemid concentration (25 ng/ml) in cultures
for 2-6 h to arrest the cells in M-phase. After 6 h
of incubation in the presence of colecemid (25
ng/ml), 91.5% of cells were in G2-M-phase and
the cdc2-kinase content was approximately 10—
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Fig. 2. Bivariate and cell cycle analysis of Yac-1 cells continuously labeled in the presence of 10 uM BrdU
for 2 h (A), 6 h (B), and 14 h (C). The corresponding distribution of BrdU-positive cells in each phase of cell
cycleisS = 90% and G2-M = 10% at 2 h (D), S = 70% and G2-M = 30% at 6 h (E), and Go-G1 = 32%, S =

52%, and G2-M = 16% at 14 h (F).

100 times higher in terms of fluorescence inten-
sity (Fig. 5C,DD). Although 77.5% of the total
population of colcemid-treated cells were posi-
tive for cdc2-kinase, only 71.7% of cdc2-kinase-
positive cells were in G2-M-phase. From the
above data, the cdc2-kinase-positive cells de-
tected in G2-M-phase were most likely in M-
phase.

PCNA/Cyclin and cdc2-Kinase Content in
Colcemid-Treated Cells

Cells incubated in the presence of low col-
cemid concentration (25 ng/ml) expressed higher
fluorescence intensity of cdc2-kinase than cells
incubated in control medium. Upon colcemid
treatment, 69.2% of cells were arrested in G2-M-
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Fig. 3. Distribution of PCNA in cell populations distributed in
various phases of cell cycle. Yac-1 cells were incubated in fresh
medium for 4 h after plating. A: Bivariate distribution of PCNA
detected by localization of anti-PCNA against DNA content. B:
DNA distribution of entire population analyzed by multicycle
parameters. The distribution of cell population in this analysis is
Go-G1 = 28%, S = 55%, and G2-M = 17%. C: Distribution of
PCNA-positive cells after subtraction of background fluores-
cence detected by control 1gM. About 87% of PCNA-positive
cells are present in S-phase and 13% are distributed in other
phases of the cell cycle.

phase, the number of PCNA-positive cells de-
creased, and the number of S-phase cells also
declined (Table I). Whereas PCNA-positive cells
were almost equally distributed in S- and G2-M-
phases, PCNA-positive cells were found only in
S-phase in control incubations. Expression of
PCNA/cyclin in cells arrested in G2-M-phase
was detected in 16.9% of the total cell popula-
tion and also showed high content of cdc2-
kinase protein (Fig. 5C,D).

Treatment of Yac-1 cells up to 6 h with col-
cemid at 2 pg/ml revealed a population of fast
growing cells having escaped arrest by colcemid
and entered in Go-G1- and S-phases. The viabil-
ity of cells in the presence of colcemid up to 6 h
was >90% as determined by trypan blue exclu-
sion. This cell population had lower (80%) DNA
content than diploid cells, a characteristic of
hypodiploid cells (Fig. 6). Approximately 67—
70% of the cell population was hypodiploid after
colcemid treatment at 2 pug/ml. Multicycle DNA
analysis on cdc2-kinase-positive cells allowed the
separation of these cells into compartments of
low, medium, and high fluorescence intensity.
The results revealed that 60% of the diploid cells
showed high cdc2-kinase content and were in
G2-M-phase (Fig. 6A). Although cdc2-kinase was
detected throughout the cell cycle, all cells with
low cde2-kinase content were in Go-G1l-phase.
DNA analysis of the hypodiploid population
showed that 95% of cells were in S-phase or
G2-M-phase. These hypodiploid cells arrested in
G2-M-phase formed a distinctive compartment
with varying levels of cdc2-kinase content (Fig.
6B). These results show that aneuploid cells
arrested in M-phase due to colcemid treatment
had lower DNA content than diploid cells and
also lower levels of cdc2-kinase protein.

DISCUSSION

The results of this study demonstrate a quan-
titative correlation in the distribution of PCNA/
cyclin and cdc2-kinase and BrdU uptake kinet-
ics during S-phase as indicators of various phases
of cell cycle in mouse T-lymphoma cells exponen-
tially growing in cultures. Anti-PCNA antibod-
ies recognize a nuclear protein, cyclin (mol wt
36,000), whose synthesis correlates with the
proliferative state of the cell. Bravo et al. [1987]
demonstrated that PCNA and cyclin have many
common properties and it has been shown that
these two are identical auxiliary proteins for
DNA polymerase-delta.
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Fig. 4. Single parameter analysis of PCNA-positive Yac-1 cells after plating in fresh medium The intensity
of PCNA increased with incubation time after plating Cells harvested at 6 h (solid line), 10 h (dotted line),
and 26 h (boldface line) demonstrated mean fluorescence intensities of 30 8, 38 5, and 75 0, respectively
Peak fluorescence intensities are indicated by the arrows

BrdU uptake and PCNA/cyclin are the mark-
ers used extensively in the detection of cell pro-
liferation of various cell types [Coltrera and
Gown, 1991; Bolton et al., 1992; Fogt et al.,
1991; Weghorst et al., 1991]. BrdU, a thymidine
analog, is incorporated in newly synthesized
DNA during S-phase of the cell cycle and can be
detected by using anti-BrdU monoclonal antibod-
ies. From the data presented in Figures 1 and 2,
BrdU uptake, either by pulse-labeling or by con-
tinuous labeling, can be used to study cells mov-
ing through the different phases of the cell cycle.
The pulse-labeling technique could be used to
measure kinetic permutations after treatment
with various test chemicals, and Fogt et al.
[1991] proposed specific calculations based on
growth kinetics of Walker-256 carcinosarcomas
in rats.

PCNA is a well-characterized marker differen-
tially distributed in various phases of cell cycle
with the highest level of expression in the G1-S
interface. PCNA is elevated in a variety of solid
tumors [Robbins et al., 1987] and also in chronic
myeloid leukemia [Takasaki et al., 1984]. Detec-
tion of PCNA using specific monoclonal antibod-
ies as a measure of S-phase activity has been
demonstrated in tumors as well as in normal
cells by light microscopy [Robbins et al., 1987;
Coltrera and Gown, 1991; van Dierendonck et
al., 1991; Kawakita et al., 1992]. Flow cytometry
provides an extremely sensitive tool to detect
logarithmic concentration differences and distri-
bution in various phases of cell cycle with the
possibility of detecting more than one parame-
ter simultaneously. Our data indicate that PCNA
is present in very high concentrations in S-

phase (Fig. 3), but its synthesis might have
started earlier, either at the interphase of G1-S-
phase or immediately before cells entering S-
phase. The data suggest that PCNA/cyclin syn-
thesis precedes BrdU incorporation which takes
place only during DNA synthesis. However,
translocation of PCNA/cyclin to the nucleus
could be the crucial requirement for cells enter-
ing into S-phase. The fluorescence intensity ex-
pressing PCNA/cyclin synthesis in exponen-
tially growing cells after fresh plating is a
characteristic associated with abnormal growth
rates of transformed phenotypes or reduced deg-
radation of PCNA/cyclin protein. In this study a
large number of PCNA-positive cells were pre-
sent in S-phase (Table I). However, PCNA-
positive cells in Go-G1-phase are probably cells
in late G1-phase entering active DNA synthesis
and those PCNA-positive cells in G2-M-phase
are in transition between S- and G2-phase (Fig.
3C). Although cells in Go-G1- and G2-M-phase
were PCNA-positive, most of the PCNA/cyclin
protein is normally regulated by degradation
before entering M-phase and the concentrations
are reduced to a minimum in cells before enter-
ing Go-phase [Celis et al., 1987]. The sustained
increases in PCNA in rapidly dividing Yac-1 cells
in cultures could be due to reduced PCNA/cyclin
degradation during G2-M-phase. It could also be
interpreted that cells at the G1-S-phase transi-
tion were actively synthesizing PCNA/cyclin
(Fig. 4).

Studies of cde2-kinase localization in the cell
have also been relevant to understanding its role
in M-phase onset. An immunofluorescence and
cell fractionation study of mammalian cells lo-
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Comparnison of cdc2 kinase distribution and cell cycle kinetics in control and colcemid arrested

Yac 1 cells Cells were incubated for 6 h in the control medium (A,B) and colcemid (25 ng/ml) containing
medium (C,D) The number of cells distributed in different phases of the cell cycle for control cells (B) are
GCoG1 =395% S =44 7% and G2 M = 15 7% and for colcemid treated cells (D) are Go G1 = 0 5%

S=8% and G2 M =91 5%

cated the cdc2-kinase protein 1in both the nu-
clear and cytoplasmic fractions [Bailly et al,
1989] As reported earlier by several investiga-
tors [Lewin, 1990, Nurse, 1990, Roy et al , 1991,
Solomon et al , 1990], cde2-kinase 1s known to
form a complex with matotic cychn (A, B1, and
B2) which results in the degradation of B-type
cychins during the transition stage from G2- and
M-phase The cyclin A-associated kinases are
active during S- and G2-phases and earlier in
the division cycle, and apparently cdc2-kinase
activity 1s not required during the G1- and S-
phases of the cell cycle [Roy et al , 1991, Hamagu-

chiet al , 1992], but plays a crucial role during
the M-phase activity of the cell cycle It 1s possi-
ble that the cells are kept 1n M-phase by means
of high cde2-kinase activity [Yasuda et al , 1990],
and the data presented here agree with the
assumption that upregulation or activation of
cde2-kinase 1s essential for M-phase activity
Cells 1n G2-M-phase have maximum levels of
cdc2-kinase protein compared to cells in Go-G1-
or S-phase (Fig 6A), and edc2-kinase protein
increased when cells were synchronized in G2-M-
phase upon colcemid treatment (25 ng/ml) (Fig
5C) Colcemid might have arrested cells in M-
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TABLE 1. Distribution of PCNA and cdc2-Kinase in Phases of Cell Cycle With and Without
Colcemid Treatment*

Distribution in cell cycle phases (%)?

Control Colcemid-treated®
Parameter Positives® Go-G1 S G2-M Positives Go-G1 S G2-M
DNA 100 28.0 55.1 16.8 100 4.3 26.6 69.2
PCNA 53.1 7.9 86.6 5.5 32.8 0.0 48.5 51.5
cdc2-Kinase 12.8 6.8 42.3 50.8 77.5 55 22.8 71.7

*Yac-1 cells were cultured in RPMI containing 10% fetal calf serum, with and without 25 ng/ml colcemid, for 6 h. The aliquots
of cells were stained with anti-PCNA/DNA or anti-cdc2-kinase/DNA and analyzed by flow cytometry.
aDistribution of cells in various phases of cell cycle was determined using Multiplus®. The background fluorescence was

subtracted using control antibodies.
bViability of cells was > 90% upon colcemid treatment.

cPercentage of cells stained with marker dye or antibodies in the total cell population analyzed.
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Fig. 6. Histograms representing cell cycle distribution of dip-
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high cdc2-kinase content based on percent fluorescence inten-
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phase by inhibiting the protein kinase activity of
cdc2-kinase. The loss of kinase activity would
have resulted in the dislocation of other events
associated with cdc2-kinase, such as degrada-
tion of mitotic cyclins in G2-M-phase. In fact,
the data show accumulation of both PCNA and
cde2-kinase in colecemid-treated cells, which could
be virtually in inactive state (Table I).

Although the DNA content of normal cell
populations and colecemid-arrested cell popula-

tions appears to be in the same range, it is
evident that due to colcemid at 2 pg/ml, the
daughter cells entering in Go-Gl-phase after
mitotic division have lower DNA content.
Bhuyan et al. [1987] observed a similar phenom-
enon with B16 melanoma cells, where newly
divided cells had about 80% of original DNA
content after mitotic division, a characteristic of
aneuploidy (hypoploidy). In the experiments re-
ported here colcemid also induces pseudoaneu-
ploidy in cultures, evident in cells exposed to
higher concentration of colcemid (2 pwg/ml). Most
of the aneuploid cells are arrested in G2-M-
phase with wide variation of cdc2-kinase con-
tent (Fig. 6B). However, in normal diploid cells,
only cells in M-phase have high cdc2-kinase
activity (Fig. 6A). The large percentage of cells
having low or medium cdc2-kinase levels points
to the fact that cdc2-kinase synthesis is inhib-
ited or down regulated in the presence of col-
cemid. Although from the above results it can be
deducted that colcemid arrests cells in mitosis or
premitotic phase by blocking synthesis of edc2-
kinase, there are no data to support this hypoth-
esis. Yasuda et al. [1990] showed that cdc2-
kinase activity increases severalfold in the
nuclear fraction compared to the cytoplasmic
fraction in mouse mammary carcinoma cells.
Protein phosphorylation is generally increased
during M-phase, as a direct consequence of the
cdc2-kinase or as an indirect consequence of
cdc2-kinase activating other protein kinases.
Fang and Newport [1991] proposed that differ-
ent forms of cdc2 proteins in higher eukaryotes
are responsible for G1-S (DNA replication) and
G2-M (mitosis) transitions.

In summary, these findings support that
PCNA is upregulated or present in high concen-
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trations during S-phase and cdc2-kinase in M-
phase. PCNA is synthesized during G1-S transi-
tion permitting DNA synthesis and degrades at
the end of the S-phase or probably in late G2-
phase due to, albeit unproven, complexing with
cde2-kinase. Further investigations should ad-
dress the differential regulation of 1soforms of
cdc2-kinase and PCNA and other cyclins [Roy et
al., 1991] at transcriptional and translational
levels in order to delineate if these proteins are
down regulated at mRNA level or inactivated by
proteolysis.
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