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Abstract

The methods of cell cycle analysis that rely on DNA content measure
ments cannot discriminate between cells at different phases of the cycle if
these cells have similar DNA content. This limitation can be circumvented
by measurement of another cell cycle phase-specific cell constituent in

addition to DNA content, followed by bivariate analysis of the correlated
data. The aim of the present study was to explore the utility of a mono
clonal antibody against the G2- and M phase-specific regulatory protein

cyclin B for discrimination of cell populations with overlapping DNA
content. This analysis, which was based on correlated DNA/cyclin B con
tent measurements by flow cytometry, was applied to human lymphocytic
leukemic MOI 1-4 cells. The onset of cyclin B synthesis was observed in

the last one third of S phase with its maximum accumulation in G2 and M
phases; cells in (., and early- and mid-S phases were negative. Cells

arrested in metaphase by vinblastine expressed high levels of this protein,
although not as high as in cells arrested in C,, by the DNA topoisomerase
II inhibitor m-AMSA. Disruption of cytokinesis by the protein kinase

inhibitor staurosporine led to DNA rereplication, cell progression through
the chromatin cycle at higher DNA ploidy, and induction of polyploidy. It
was possible, utilizing the cyclin B antibody, to discriminate between G2 +
M cells with a 2C level of DNA and G, cells with 4C DNA, as well as to
distinguish doublets ot (., cells with a 2C DNA level. Thus, the rate of cell
entrance to Gt at the 4C DNA level and the rates of progression through
the cycle at both the 2C and 4C DNA levels could be simultaneously
estimated. The data indicate that, in the presence of 0.1 JUMstaurosporine,
cytokinesis of all MOI 1-4 cells is impaired and the cells enter to and

progress through the chromosome cycle at 4C DNA at the same rates as at
2C DNA. This approach can be helpful in the analysis of DNA ploidy and
the cell cycle of human tumors when there is an overlap in DNA content
values between normal stromal or infiltrating cells and aneuploid tumor
cell population and may be the method of choice to investigate the activity
of antitumor drugs which impair cytokinesis but do not interfere with
progression of cells through the chromatin cycle.

Introduction

The most common methods of cell cycle analysis are based on
cellular DNA content measurements followed by univariate analysis
of the data, which involve deconvolution of the DNA content fre
quency histograms, using one of many available algorithms (for re
views, see Refs. 1 and 2). Bivariate analysis takes into account not
only DNA content but also differences in chromatin structure (3),
quantity of particular cellular constituents such as RNA or protein
(4, 5), or expression of proliferation associated proteins (for examples,
see Refs. 6 and 7), making it often possible to discriminate between
cells with a similar DNA content but in different compartments of the
cycle, e.g., between G2 and M, G, and G() or early G, (G1A) and late
GÃŒ(Gm) phase. All these approaches, however, fail to discriminate
between cells in G2 phase of a lower DNA ploidy and Gj phase at an
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increased DNA ploidy level, e.g., between diploid G2 (G2P; cells with
4C DNA) versus tetraploid G, (G,T; cells also with 4C DNA content).
The presence of such mixed cell populations is often apparent in
cultures of tumor cells that grow at two different DNA ploidy levels
or when treated with drugs that impair cytokinesis and induce DNA
rereplication and polyploidization.

In the present study we describe an approach to discriminate be
tween G2D and G,T, which is based on analysis of expression of cyclin
B. Cyclin B, which combines with p34cdc2 to form maturation (mi

tosis) promoting factor (for reviews, see Refs. 8-10), is synthesized in

G2 and is degraded during the late stages of mitosis (Ref. 8; for
reviews, see Refs. 9-11). Thus, this protein was used as marker of
cells in G2 + M. MOLT-4 cells were induced to DNA rereplication by
the protein kinase C inhibitor SSP3 (12); by virtue of the differential

staining of G2D and G|T, we have been able to identify cells progress
ing through the cell cycle at two DNA ploidy levels.

Materials and Methods

The MOLT-4 lymphocytic leukemia cell line was maintained in RPMI 1640

supplemented with 10% fetal bovine serum, 100 units/ml penicillin, 100 fig/ml
streptomycin, and 2 HIMt.-glutamine. All media, supplements, and sera were

obtained from G1BCO, Grand Island, NY. The cultures were passaged by
dilution to a cell concentration of 2 x lO-Vml to maintain asynchronous,

exponential growth, unless otherwise indicated. Other details of cell culturing
are given elsewhere (13, 14).

SSP (Boehringer Mannheim, Indianapolis, IN) was dissolved in ethanol at
a concentration of 0.2 HIMand stored at -20Â°C.The cells were treated with SSP
at 0.1 JXMconcentration for up to 12 h, as described in "Results." Vinblastine

(Sigma Chemical Co., St. Louis, MO) and m-AMSA (obtained from the In-

vestigational Drug Branch, Division of Cancer Treatment, National Cancer
Institute) were dissolved in dimethyl sulfoxide at 0.3 or 0.1 mm concentrations,
respectively, and stored at -20Â°C.

Several cell fixation procedures, including the use of 80% ethanol alone (at
-20Â°C) or paraformaldehyde (0.5-1.0% in Hanks' buffered saline, at 0-4Â°C,

followed by cell permeabilization with Triton X-100) were tested to optimize

immunocytochemical detection of cyclin B. The optimum cell stainability with
cyclin B antibody was observed after cell fixation in a 1:1 (v/v) solution of
acetone in absolute ethanol for 30 min at -20Â°C. This fixative was then used

in all experiments reported in this study. Following fixation, the samples were
centrifuged and washed first with 70% ethanol and then in PBS. The cells were
then incubated overnight at 4Â°Cin the presence of the mouse monoclonal

antibody to human cyclin B, (PharMingen, San Diego, CA), which was diluted
1:400 in PBS containing 1% bovine serum albumin. Cells were then washed
and incubated with fluorescein isothiocyanate-conjugated goat anti-mouse IgG

antibody (Sigma) diluted 1:40 in PBS containing 1% bovine serum albumin.
The cells were washed again, resuspended in 10 fig/ml of propidium iodide
and 0.1% RNase A in PBS, and incubated at room temperature for 30 min in
the dark prior to measurement (13). The control was prepared as described
above, except that the isotype-specific antibody (mouse IgG,; Sigma) was used

instead of the cyclin B, antibody. Fluorescence of cells was measured using the
FACScan flow cytometer (Becton Dickinson, San Jose, CA). The red (prop
idium iodide) and green (fluorescein isothiocyanate) emissions from each cell

1The abbreviations used are: SSP, staurosporine; m-AMSA, 4'-(9-acridinylamino)-3-

methanesulfon-m-anisidide: BrdUrd, 5-bromodeoxyuridine; PBS. phosphate-buffered sa

line.
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Fig. 1. Bivariatc distributions of DNA contenÃand cyclin B antibody fluorescence of MOLT-4 cells, growing exponentially (Control), treated with 0.2 Â¿IMvinblastine for 4 h or with

0.1 Â¡jiMm-AMSA for 4 h. Left, negative, isotype antibody control (IgG). The data provide evidence of specificity of this antibody to G: 4- M cells. Cells accumulating in M or in G2
as a result tit stathmokinesis induced by vinblastine or m-AMSA, respectively, show high expression of cyclin B; the horizontal arrows in these panels indicate peaks (in these isometric
displays) of G^ + M cells that express high level of cyclin B. The respective DNA content frequency histograms are shown in Ihe insets.

were separated and measured using standard optics of the FACScan. Cell

doublets and higher aggregates were discriminated from single cells based on
the difference in the electronic pulse shape, by measuring the width and height
of the pulses (15). A minimum of least IO4 cells was measured per sample. All

experiments were repeated at least once. Other details concerning the materials
and methods are included in the figure legends and in "Results."

Results

Fig. 1 illustrates expression of cyclin B in exponentially growing,
untreated human leukemic MOLT-4 cells and in MOLT-4 cells treated
with /Â«-AMSA(0.1 /MM;4 h) and vinblastine (0.2 /XM;4 h). It is quite

Doublets
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DNA DNA
Fig. 2. Identification of doublets of G, cells based on DNA content and cyclin B expression. Top panel. Ihe dot-plot distribution of MOLT-cclls with respect to their electronic pulse

area and pulse width (propidium iodide fluorescence). Doublets of G, cells show similar pulse area as G2 cells but have greater pulse width. Analysis of Ihe data without gating the
doublets results in the presence of a large population of cyclin B negative cells with a GÃ¬+ M DNA content (left panel, arrow). When cell doublets were gated out during analysis
by virtue of their large pulse width (using the small gating window as shown in the lop panel), fewer negative cells with a G2 + M DNA were present (right panel).
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Fig. 3. Changes in [he divariale distribution of DNA conlent/cyclin B expression of MOLT-4 cells treated with 0.1 (IMslaurosporine for4(fl), 6(C), 8(D)and l2h(E);A, untreated

culture. Top, appearance of cyclin B negative cell population with G^ + M DNA content (tetraploid; Gn-) is already evident after 4 h, and cyclin B negative cells with octaploid DNA

content (G|0). after 12 h. Boiiom. DNA content frequency histograms of the same cultures. Arrows, Ihe position of cells with a 2C, 4C, and 8C DNA content, respectively.

evident that in both the untreated and m-AMSA and vinblastine-

treated cultures, cyclin B was expressed almost exclusively by cells
with a G2 + M DNA content. Few S phase cells, and only those at late
stages of S, were also labeled with antibody against this protein. The
cells with a G2 + M DNA content were very heterogenous in terms of
expression of cyclin B: many cells expressed it at very high levels
while other cells exhibited relatively low cyclin B fluorescence. Ex
posure of cells to /M-AMSA or vinblastine resulted in an accumulation

of cells with a G2 + M DNA content that strongly expressed cyclin B
(Fig. 1, C and D). Overall, however, expression of cyclin B in cells
arrested by m-AMSA was higher than in the cells arrested by vinblas

tine (Fig. 1). It should be stressed that the data presented in Fig. 1 were
gated to exclude most cell doublets and higher aggregates. This was

60-
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Treatment with Staurosporine (h)
Fig. 4. Changes in percentages of cells identified on the divariate frequency histograms

shown in Fig. 3 as a function of time of MOLT-4 cell exposure to 0.1 JAMStaurosporine.

done by analysis of the electronic pulse shape, taking into account the
differences in pulse width and height (15), as shown in Fig. 2. The
presence of doublets of G, cells manifests as an additional cell popu
lation with an G2 + M DNA content that are negative with respect to
cyclin B, as seen in Fig. 2. These data thus indicate that expression of
cyclin B may serve as an additional marker discriminating between
doublets of GÂ¡cells and single G2 + M cells. In all further experi
ments (Figs. 3 and 4), cell doublets and higher aggregates were
excluded from the analysis.

As shown before (14), SSP impairs cytokinesis and induces the
transition of MOLT-4 cells to the cell cycle at higher DNA ploidy

levels. This model has been chosen in the present study to evaluate the
usefulness of the cyclin B antibody in the discrimination of G2 cells
of lower DNA ploidy from G, cells with a 4C DNA content. Fig. 3
illustrates the expression of cyclin B by cells treated with SSP. As is
evident, incubation of MOLT-4 cells with SSP led to the appearance

of cells with an increased DNA content, above that of G2 + M phase
cells. Among the cells with a DNA content equivalent to that of G2 +
M, a subpopulation of cells that did not express cyclin B became very
prominent (Fig. 3C). This population, as judged by its continuity on
the bivariate DNA content/cyclin B distributions with the ST popula
tion, in all probability, represents cells which, following mitosis, en
tered G i phase at a tetraploid DNA level (G,T cells). It is also clear
that entrance of cells to the G2 + M phase at the tetraploid level is also
accompanied by a dramatic increase in cyclin B expression (Fig. 3Â£).

By measuring the percent of cells in each subpopulation identified
on the bivariate DNA content/cyclin B distributions at different times
of treatment with SSP, it was possible to estimate the kinetics of cell
progression through various compartments of the cell cycle at two
DNA ploidy levels, simultaneously (Fig. 4). The data, showing en
trance to G i of cells of higher DNA ploidy (G, T) during the first 2-4

h of treatment, demonstrate that cytokinesis was impaired from the
very moment of addition of SSP. Six h later, cells entered S phase at
the higher DNA ploidy (Sr) and, after an additional 4 h. the first cells
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appeared in G2r- The rate of exit from G, at the lower DNA ploidy
was almost the same as the rate of entrance to G1T-

Discussion

Cyclin B, the key molecule regulating cell entrance into mitosis, is
synthesized primarily in the G2 phase of the cell cycle and is rapidly
degraded at the end of mitosis (Ref. 8; for reviews, see Refs. 9-11).
During G2, cyclin B forms a heterodimeric complex with p34cdc2, an

evolutionary conserved serine/threonine specific protein kinase
which plays a pivotal role in regulation of cell progression through the
cycle. The kinase activity of the p34cilc2-cyclin B complex is regulated
by phosphorylation-dephosphorylation of tyrosine 15 of p34cdc2,

which is the location of the ATP-binding site. The dephosphorylation

of this site activates the cdc2 kinase; extensive phosphorylation of a
variety of substrates by the activated cdc2 kinase triggers cell entrance
to mitosis (9-11).

The development of antibodies to cyclin B provided a specific
marker of G2 cells. In the present study, we applied this antibody for
immunocytochemical detection of cyclin B by flow cytometry. Bi-

variate analysis of DNA versus cyclin B contents made it possible to
correlate expression of this protein in individual cells with cell posi
tion in the cell cycle. The data clearly indicate the specificity of this
antibody; while G,, early- and mid-S phase cells were negative, very

late S and G2 + M phase cells were labeled. The peak of cyclin B
labeling was observed at G2 + M. Reactivity of this antibody, thus, is
precisely as expected from extensive studies on a variety to eukaryots
using molecular biology techniques (8-11). The present data indicate

that the onset of cyclin B synthesis can be traced to the late one third
of S phase (Figs. 1-3).

The intercalating DNA topoisomerase II inhibitor m-AMSA quite

specifically arrests cells in G2 phase (16). We observe that the cells
accumulating in G2 in the presence of m-AMSA express maximal

levels of cyclin B. The cells arrested in metaphase by vinblastine also
have high levels of cyclin B. The maximum expression of cyclin B,
however, is in G2 rather than in metaphase (at least cells arrested in
metaphase by vinblastine), as judged from comparison of the peaks of
cell labeling in the respective cultures (Fig. 1).

The present data indicate that, based on the extent of cyclin B
expression, it is possible to distinguish cells with similar DNA content
but at different phases of the cycle, i.e., G2 + M cells of low DNA
ploidy and G, cells at higher ploidy. This was demonstrated for
MOLT-4 cells that entered the chromatin cycle at a higher DNA ploidy
in the presence of SSP.4 No significant overlap in cyclin B antibody

fluorescence between these populations was observed. As is evident,
this approach can be used to measure the kinetics of cell progression
through the cycle simultaneously at two DNA ploidy levels and to
estimate the rate of cell entrance to higher DNA ploidy (Fig. 4). The
latter is a reflection of the degree of impairment of cytokinesis. Since
many antitumor drugs interfere with cytokinesis, the present approach
may be a method of choice to evaluate this type of drug activity. It
should be stressed, however, that such an approach can be used only
in situations when synthesis or degradation of cyclin B is not per-

4 F. TrÃ¡ganos, J. Gong. B. Ardelt, and Z. Darzynkiewicz. Effect of staurosporine on

MOLT-4 cell progression through 62 and on cytokinesis, submitted for publication.

turbed by the drug under investigation; SSP is unlikely to have such
an effect (Figs. 1-3).

Analysis of DNA ploidy of solid tumors is often hampered by the
inability to discriminate between normal host and tumor cells having
the same DNA content or to distinguish multiclonal (e.g., diploid
versus tetraploid) tumors. In situations when DNA values of diploid
G2 cells overlap with the G, or early S cells of the aneuploid tumors,
the present approach makes it possible to overcome such limitations.
Detection of cyclin B may also complement application of the thy-

midine analogue BrdUrd which is used to label proliferating cells
(17). In comparison with pulse labeling with BrdUrd; however, the
time-window of the detection of proliferating cells by cyclin B anti

bodies (the duration of G2) is shorter than labeling with BrdUrd (the
duration of S), and the former method does not require administration
of the precursor prior to analysis. Detection of cyclin B can also be
used in automated cytometry instrumentation as a marker discrimi
nating G, cell doublets from single G2 cells.
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