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Various antitumor drugs which target tumor cells in the S-phase of the cell cycle induce apoptosis in
HL-60 cells. The present study shows that apoptosis is inducible in HL-60 cells by continuous
exposure to bromodeoxyuridine (BrdU), an S-phase specific reagent and a thymidine analogue. The
localization of BrdU in the apoptotic cells was visualized with immunogold particles using an anti-
BrdU monoclonal antibody. After 3 days of treatment with 20 M BrdU, cells ceased to grow and
their viability was significantly decreased. Morphologically, nuclear segmentation and cytoplasmic
maturation were observed in many viable cells, and the dead cells showed typical features of apoptosis. -
The nuclear DNA of apoptotic cells was visualized by the immunecytochemical detection of BrdU
with post-embedding immunogold staining. The condensed chromatin of the apoptotic cells was highly
lIabeled with immunogold particles, while the nucleclus was sparsely labeled, The chromatin could be
traced with BrdU-immunocytochemistry even after disappearance of the nuclear envelope. These
results indicated that apoptosis in HL-60 cells was induced by incorporation of BrdU into DNA of the
S-phase cells. Using BrdU-immunocytochemistry, the localization of nuclear DNA in apoptotic cells
was visualized and the changes of nuclear structures were followed during the progression of

apoptosis,
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Bromodeoxyuridine (BrdU), a synthetic analogue of
thymidine which can be incorporated into DNA during
the S-phase of the cell cycle, has been employed for
immunohistochemical studies of cell proliferation using
antibodies against BrdU."?® Continuous delivery of BrdU
by an osmotic minipump enables long-term analysis of
the kinetics of cell response to various stimuli. However,
the effects of BrdU incorporation into DNA on the host
cells have not been well established.

Human leukemic HL-60 cells have been extensively
studied as a model of the control of proliferation and
differentiation.”) Also, apoptosis induced in HL-60 cells
by various chemical stimuli has been studied.*® Termi-
nal differentiation of HL-60 cells occurs over a period of
two division cycles, during which the inducer must be
continuously present.”” This process consists of early and
late events, the early event (defined as precommitment)
cccurring over the first division cycle, and the late event
{defined as onset of terminal differentiation) occurring
over the second division cycle.*'? Although BrdU treat-
ment causes cell differentiation in some cell lines,'> ™ this
compound induces the early event leading to precommit-
ment, but not the late event leading to onset of terminal
differentiation in HL-60 cells.'®

In this report, we show that apoptosis in HL-60 cells
could be induced by incorporation of BrdU inio the
S-phase cell nuclei. Therefore, the immunoelectron mi-
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croscopy of BrdU can be used to visualize the localiza-
tion of nuclear DNA in apoptotic cells, and thus to
monitor the progression of apoptosis of HL-60 cells.

MATERIALS AND METHODS

Cell culture The HIL-60 cells were maintained in con-
stant exponential growth using RPMI 1640 (Nissui
Seiyaku Co., Ltd., Tokyo) supplemented with 10% heat-
inactivated fetal bovine serum, 100 units/ml penicillin,
100 y£g/ml sireptomycin, and 2 mM L-glutamine at 37°C
in a 95% humidified atmosphere of 5% CO,. The cells
were passaged every third day, and the cell density in
cultures did not exceed 5X10° cells/ml. The initial cell
density of experimental cultures was 1x10°/ml. BrdU
(Sigma Chemical Co., St. Louis, MO) was added from a
20 mM stock of BrdU in distilled water to give a final
concentration of 20 uM. Control cultures were treated
with distilled water at a final concentration of 0.1% in
culture medium. Cell density was assayed with a hemo-
cytometer. Cell viability was determined by the trypan
blue dye exclusion method.

Electron microscopy The harvested cells were fixed with
2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4)
at room temperature for 2 h. The cells were rinsed with
phosphate-buffered saline (PBS) containing 0.1 M lysine,
embedded in 2% agarose, then postfixed with 1% os-
mium tetroxide in 0.1 M cacodylate buffer (pH 7.4) con-
taining 1.5% potassium ferrocyanide (reduced osmium)



at 4°C for 1 h, The specimens were dehydrated in cold
graded ethanol solutions and embedded in Poly/Bed 812
(Polysciences, Warrington, PA). Ultrathin sections on
nickel grids were etched with 109% H;O, for 10 min
followed by digestion with 0.2% trypsin in 0.05 M Tris/
HCI buffer containing 0.1% CaCl, at pH 7.6 for 30 min
at 37°C.*'® These pretreated thin sections were in-
cubated on a drop of PBS containing 10% normal goat
serum, 1% bovine serum albumin (BSA), and 0.1%
Tween 20 (washing buffer) for 1 h, and then incubated
with monoclonal anti-BrdU antibody (Becton Dickinson
and Co., Mountain View, CA) diluted 1/100 with wash-
ing buffer for 3-4 h at room temperature. After four
washes (floating on washing buffer) for 5 min each, the
thin sections were incubated with goat anti-mouse IgG+
IgM linked to 10-nm colloidal gold particles (BioCell
Research Laboratories, Cardiff, UK) diluted 1/50 with
- BSA-PBST for 1 h at room temperature. The sections
were then floated four times on washing buffer and three
times on distilled water for 5 min each. After drying, the
sections were stained with uranyl acetate and lead citrate.
For controls, the sections were reacted only with second-
ary antibody or with non-immune mouse serum instead
of the primary antibody.

RESULTS

Exposure of HL-60 cells to 20 gM BrdU for 5 days
decreased the cell number to approximately 50% of the
yield of control cultures (Fig. 1A), while nonviable cells
were increased to 44% (Fig. 1B). The untreated HL-60
cells were typical promyelocytes with a high nuclear/
cytoplasmic ratio and a large central round nucleus
having prominent nucleoli (Fig. 2A). Afier 3 days of
treatment with BrdU, approximately 60% of viable cells
showed nuclear segmentation with many cytoplasmic
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vacuoles (Fig. 2C). Nonviable cells showed typical mor-
phology of apoptotic cells. Condensed chromatin at the
nuclear periphery was observed in the apoptotic cells in
which the nuclear envelope was retained (Fig. 3A). In
progressed apoptotic cells, multiple condensed chromatin
spheres were observed (Fig. 4A) and the nuclear enve-
lopes had disappeared. Both viable and apoptotic cells in
the post-embedding preparation were positive for BrdU
with the immunogold technique. The condensed chroma-
tin was highly labeled with immunogold particles, while
the nucleolus was only sparsely labeled (Figs. 3B, 4B, 4C,
and 4D).

DISCUSSION

In this study, we demonstrated that continuous expo-
sure of HL-60 cells to BrdU arrested cell growth and
increased the number of apoptotic cells. Nuclear segmen-
tation and cytoplasmic maturation were seen in viable
cells. As these changes were marked after 3 days of
treatment of HL-60 cells with BrdU, the continuous state
of precommitment induced by BrdU might result in the
induction of apoptosis. Many antitumor drugs commonly
induce apoptosis by targeting tumor cells in the S-phase
of the cell cycle.'® BrdU, a thymidine analogue, is an S-
phase specific reagent which is incorporated into nuclei
during the S-phase.? 5-Fluorodeoxyuridine (FdUrd),
which is similar in structure to BrdU, is a derivative of 5-
fluorouracil (5-FU), a commercially available anti-tumor
drug. FdUrd incorporation into DNA can produce lethal
cellutar events.'” In some tumor cell lines, FdUrd leads
to an unbalanced pool of deoxyribonucleotides and gen-
erates a significant number of double-strand DNA
breaks.'*?® BrdU, therefore, may have similar effects to
those of FdUrd. In fact, immunogold particles of BrdU
were localized in the viable cell nuclei and in the con-
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Fig. 1. Effects of BrdU on the growth 2
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promyelocyte. X7,100. Bar=35 pm; A pair of transmission electron micrographs of HL-60 cells after treatment with 20 pM
BrdU for 3 days. B, An HL-60 cell with a normal nucleus. X7,800. Bar=5 pum. C, Nuclear segmentation and cytoplasmic
maturation with many vacuoles in-.an HL-60 cell. X 6,800. Bar=35 um.
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Fig. 3. A, The condensed chromatin at the nuclear periphery in apoptotic cells after treatment of HL-60 cells with 20 uM
BrdU for 3 days. At low magnification. X3,800. Bar=35 pm. B, A part of Fig. 3A at higher magnification. The condensed
chromatin is highly labeled with immunogold particles (BrdU), while the nucleolus (NOY) is sparsely labeled. An arrow indicates
the nuclear envelope. X22,800. Bar=1 um.

densed chromatin of apoptotic cells. Cytotoxicity of  nuclei of the S-phase cells. BrdU inhibited cell growth and
BrdU to HL-60 cells may result from the inhibition of  induced apoptosis in HI.-60 cells. These effects are sim-
DNA metabolism due to the incorporation of BrdU into ilar to those of antitumor drugs targeting S-phase cells.
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Fig. 4. In advanced apoptosis, the multiple condensed chromatin spheres are not surrounded by nuclear envelopes. Low (A)
and high (B, C, D) magnification. The condensed chromatin spheres are highly labeled with immunogold particles (B and C},
while the nucleolus is sparsely labeled (D). A, X8,500. Bar=5 pm; B, x47,000. Bar~=0.5 gm; C, X42,500. Bar=0.5 ym; D,
% 32,500, Bar=0.5 gm. ‘

All cell nuclei were highly labeled with immunogold
particles. In the apoptotic cells, the condensed chromatin
and nucleolus were separately located. At the electron
microscopic level, the condensed chromatin and nucleo-
lus could be distingnished in apoptotic cells while their
nuclear envelopes were still retained. However, the nu-
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clear structure became multispheric and the nuclear en-
velope disappeared with the progression of apoptosis. In
such apoptotic cells, it was difficuit to distinguish chro-
matin from the nucleolus by conventional electron mi-
croscopy. In this study, the condensed chromatin was
highly labeled with immunogold particles, while the nu-
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cleclus was sparsely labeled. Thus, BrdU-immunocyto-
chemistry can distinguish the chromatin. The sparse
localization of BrdU in the nucleolus refiects intra-
nucleolar DNA.2" The presence of condensed chromatin
at the nuclear periphery and multiple chromatin spheres
in apoptotic cells is well known.”> ™ However, the local-
ization of nuclear DNA in these apoptotic cells has not
been well visualized. Using the present BrdU-immuno-
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