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ABSTRACT

The DNA replication of human lymphocytes was studied using the
labeling pattern on chromosomes after pulse labeling with bromodeoxy-
uridine and immunostaining with the monoclonal antibody to bromode-
oxyuridine. The sites of bromodeoxyuridine incorporation were defined
by comparison with the same karyotype treated G-banding, and a more
precise analysis was performed using the image analyzer, Maziscan III.
Early phase DNA synthesis roughly coincided with R-bands and late
phase DNA synthesis with G-bands. One case of acute myeloid leukemia
which developed from myelodysplastic syndrome, had a 46.XY,
t(4;ll) (pl2;pl5) karyotype, and revealed an altered DNA replication
time at the translocated site, 4pl5, from the late to the early phase. The
present method was useful in detecting an alteration of DNA replication
timing according to chromosomal translocation.

INTRODUCTION

There is much evidence from autoradiographic work that
specific human and Chinese hamster chromosomes are the first
to begin DNA replication, others always beginning 5-6 hours
later (1, 2). The early DNA synthesizing sites roughly corre
spond with the R-bands on chromosomes and the later ones
with G-bands (3).

The limited resolving capacity of silver-grain marking, how
ever, left open a number of questions concerning the exact
location of the regions which replicated first, and the sequence
of the replication pattern along individual chromosomes and
throughout the whole set.

As an alternative, the incorporation of BrdUrd4 and subse

quent staining with fluorochrome Hoechst 33258 (4) or a
combination of fluorochromophotolysis-Giemsa (3, 5-7) and
acridine orange staining (8) was developed. These methods
yielded much better resolutions for the labeled sites; fluores
cence fading, however, proved to be an additional problem.

A recently developed immunostaining method for the incor
poration of BrdUrd in DNA using the monoclonal antibody to
BrdUrd, made it possible for more detailed observations of the
labeling sites to be carried out (9-11).

The purpose of this paper is to examine the availability of
BrdUrd incorporated into lymphocyte metaphases in order to
be able to distinguish the early and late DNA synthetic phase
by the immunostaining method described above and compare
it to the G-banding pattern on the same metaphase cell. This
method was applied to one case of acute myeloid leukemia with
translocation t(4;l 1) to establish its usefulness for studying the
alteration in DNA replication time in neoplastic cells.

MATERIALS AND METHODS

Lymphocyte Culture and Labeling of Cells. Heparinized peripheral
blood (10 ml) was obtained from two healthy women. The lymphocytes
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were separated using Ficoll-Paque (Pharmacia Fine Chemicals AB,
I'psala, Sweden) and resuspended in 30 ml KI'M I 1640 medium

containing 10% fetal calf serum and phytohemagglutinin-M (Difco
Laboratories, Detroit, MI) at a final concentration of 10 Â«ig/ml.After
64 h incubation, BrdUrd was added to a concentration of 40 Â¿zmolfor
1 h. To terminate the treatment, the cells were washed three times with
the medium, resuspended again in 20 ml RIMI 1640 medium contain
ing 10% fetal calf serum, and divided into two culture dishes. Colcemid
was added to one culture dish to a final concentration of O.OS/Â¿g/ml
for 1.5 h before harvesting to detect late BrdUrd incorporation. Another
dish was reincubated for 6 h and then treated with Colcemid (Gibco,
New York) to a final concentration of 0.05 Mg/ml, for 1.5 h before
harvesting to detect early BrdUrd incorporation.

G-Banding and Immunocytochemical Staining. The cells were col
lected from each culture dish by centrifugation, exposed to 0.075 M
KC1 for 15 min, fixed in methanol-acetic acid (3:1) solution at room
temperature, and after dropping fixed cell suspension onto a clean slide,
air-dried. G-banding was carried out using the Giemsa-trypsin tech
nique. After more than 100 G-banded metaphases had been photo
graphed by the Olympus BHS microscope and the position of the slides
recorded, the slides were decolored by dipping them in a solution of
methanol-acetic acid (3:1).

Following the destaining of the G-banded slides, they were immersed
in 2 N HC1 for 30 min at room temperature to denature the double
stranded DNA. After washing with phosphate buffered saline (0.01 M,
pH 7.4), the slides were sequentially incubated with anti-BrdUrd anti
body (1:100 dilution; Becton Dickinson, Mountain View, CA) for one
h, biotinylated goat anti-mouse IgG ( 1:200 dilution; Vector Lab, Tokyo)
for 30 min and then avidin-biotin-peroxidase complex solution (1:100
dilution; Vector Lab, Tokyo) for 30 min. Incubations throughout this
process were performed in a moist chamber. Antibodies were visually
located upon reaction with a freshly prepared solution composed of
0.05% 3,3'-diaminobenzine-4HCl (Dortite, Tokyo) and 0.05% hydro

gen peroxide in 0.05 M tris buffer (pH 7.4) for 5 to 10 min (12). After
staining, the same G-banded metaphase cells as those recorded previ
ously were photographed and analyzed. Twenty-five metaphases were
analyzed from each case.

DNA Replication Study on Leukemia Cells. The sample comprised
blast cells in the peripheral blood from a 10-year-old male patient who
developed acute myelogenous leukemia from myelodysplastic syn
drome. BrdUrd incorporation and further analyses were carried out
using the same method as described above, except for a lower concen
tration of Colcemid (0.01 //g/ml). To label early phase DNA synthetic
sites, reincubation after BrdUrd labeling was carried out for 7 h before
harvesting. Leukemic cell karyotypes were analyzed separately by G-
banding. Fifteen metaphases were analyzed from each case.

Relationship between BrdUrd Banding Pattern and Giemsa Banding.
Representative photographs of both normal and leukemic cells were
examined using the semiautomated Maziscan III chromosome analyz
ing system (Joyce-Loebl, Great Britain) (13, 14) connected to a micro
scope (Orthoplan, Leitz, West Germany). The system was interfaced
to a hard copy printer (Honeywell VGR 400).

RESULTS

BrdUrd Incorporation Pattern during Early DNA Synthetic
Phase. Darkly stained bands were recognized in all metaphase
cells. Fig. 1 shows the comparison between the BrdUrd early
labeling pattern and G-bands on the same metaphase cells. The
sites of early replication of DNA synthesis mostly coincided
with the negative portion of the G-bands.
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Fig. 1. Comparison between BrdUrd-incorporated sites during the early DNA synthetic phase and G-banded karyotype. Two inner chromosomes in each
chromosome are stained for BrdUrd; the others are G-band. BrdUrd positive bands roughly correspond to the unstained portion by G-banding. Note that one X
chromosome (late replicating X; X') is unstained.
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Fig. 2. Comparison between BrdUrd-incorporated sites during the late DNA synthetic phase and G-banded karyotype. Note that one X chromosome (late
replicating X; X'), previously unstained as shown in Fig. I, is heavily stained.

Patterns of BrdUrd Incorporation during Late DNA Synthesis, two healthy women were plotted with dots (Fig. 3). The appar-
More than 90% of the metaphase cells were labeled by late ently recognizable bands which incorporated BrdUrd in the late
BrdUrd incorporation. Darkly stained parts mostly coincided DNA replication phase were several major G-bands such as
with the G-bands on the same metaphase cells (Fig. 2). To 4pl5, 4ql2, 4q21, 4q32, 5pl4, 9p21, 13q21, 13q31, and Xp21.
examine the extent of coincidence between labeled sites and G- Coincidences between the BrdUrd uptake bands and the above
bands, the frequencies of labeled sites in 10 metaphases from G-bands were also recognized by Maziscan III. One X chro-
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mosome was heavily marked, although several bands were
recognized in both X chromosomes (Fig. 3). Late replicating X
(X' in Fig. 3) was the final part of the DNA replication.

Karyotype and BrdUrd Incorporation Pattern in Leukemia
Cells. The karyotype of the leukemic cells was revealed to be
46,XY,t(4;ll)(pl2;pl5) in all 30 metaphases examined (Fig.
4). The banding pattern of incorporated BrdUrd in relation to
the karyotype in this particular case study was altered in trans
located sites (Fig. 5). The translocated site of 4pl5 to chromo
some 11 was not labeled in the way in which late DNA repli
cation sites are labeled, while the corresponding same band in
normal chromosome 4 was labeled in the ordinary way (Fig. 5,
top). In the early DNA replicating stage, 4pl5 of the translo
cated site was labeled, while the same band of the normal
chromosome 4 was not labeled (Fig. 5, middle). Early and late
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Fig. 3. Coincidence of BrdUrd-incorporated sites during the late DNA syn
thetic phase and G-band. Ten metaphases (20 autosomal and 10 sex chromo
somes) were analyzed and the darkly stained sites plotted. â€¢.5; â€¢,1.

DNA replicating stages of translocated sites are separately
shown in Fig. 5, bottom. These findings suggested that the late
DNA replication time had shifted to that of the early phase in
the translocated site of 4pl5.

DISCUSSION

The development of monoclonal antibody to BrdUrd made
the direct staining of BrdUrd incorporated into the DNA pos
sible (9-11). A monoclonal antibody to BrdUrd has been used
widely for labeling the nuclei of S-phase cells in both fluoro-
and immunohistochemistry. Vogel et al. (15) attempted to
detect BrdUrd incorporation in mammalian chromosomes us
ing the antibody to BrdUrd and opened up the possibility of
using this method for chromosome studies. Recently, Pinkel et
al. (16) and Tucker et al. (17) measured the sister chromatid
exchange using the antibody to BrdUrd with fluorescence. We
also carried out measurements on the cell kinetics of human
lymphocytes using the antibody to BrdUrd and immunostaining
methods (18).

The present work has shown the DNA replication patterns
of human lymphocytes, defined by BrdUrd incorporation, to be
similar to those obtained using the pHjthymidine uptake
method. The immunostaining method enabled us to compare
the sites of early and late DNA replication with the precise
karyotype because the location of BrdUrd was either equally
well or more precisely determined by immunostaining than by
the immunofluorescent acridine-orange method or a combina
tion of fluorochromophotolysis-Giemsa.

The combined study of karyotype and time of DNA replica
tion seems to be extremely useful in cases having chromosomal
translocation. A patient's leukemic blast cells showed the avail

ability of the above method for use with clinical material. The
blast karyotype was 46,XY,t(4;l I)(pl2;pl5) and unexpectedly,
the translocated site of 4p 15 to 11pi5 showed an altered DNA
replication time from the late to the early DNA synthetic phase.
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Fig. 4. G-banded karyotype of leukemic cell,
showing 46, XY, t(4;l I)(pl2;pl5). Arrows.
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Fig. 5. Top, altered DNA replication phase in translocated site of leukemic
cell (late replicating phase). Normal 4pl 5 is stained darkly (large arrowhead), but
4p l S translocated to 11p is not stained (small arrowhead). Middle, altered DNA
replication phase in translocated site of leukemic cell (early replicating phase).
Translocated 4plS is labeled in the early DNA synthetic phase (small arrowhead).
The same part of the normal chromosome is not stained (large arrowhead). Left,
G-banding. Right, BrdUrd staining. Bottom, normal and translocated chromo
somes 4 and 11 shown separately.

This change was observed in all analyzed cells. The balanced
translocated site of chromosome 11 was too small for examin
ing the occurrence of the same phenomenon. Although small
deviations of DNA replication time were present, even in nor
mal lymphocytes, the normal lymphocyte 4pl5 site was always
labeled in late BrdUrd incorporation. Contrary to this, the 4pl 5
translocated site was labeled during early DNA replication.
Such an unbalanced change was not seen in normal lympho
cytes, so this alteration was considered to be closely related to
the translocation in neoplastic cells. In X-autosome transloca
tion, the translocated part of the autosomal chromÃ¢tid is inac
tivated through the effect of the inactive X chromosomes (19).
The autosomal chromosome inactivation was considered to
have been caused by the inactivated segment on the X chro
mosome. Thus, in terms of DNA replication timing, a similar
interaction may be present at the site of translocation in auto-
some-autosome translocation. Genes activated in early DNA
synthesis are considered as producers of housekeeping enzymes,
which are common in various organs and control important
cellular functions; those activated in late DNA synthesis pro
duce enzymes which are related to the differentiated cell func

tion found in different organs (20). Thus, altering the timing of
DNA synthesis may cause deviations in cell cycle and function
leading to the progression of the neoplastic state. The formation
of a new gene product following translocation which has been
reported in cases of chronic myeloid leukemia t(9;22) indicated
the important role of translocation in carcinogenesis (21). The
presumed suppressor one gene on chromosome lip could also
be affected by a reciprocal effect of the translocated 4p chro-
matid. It will be necessary to study many cases, but the method
used in the present study may open up a new field of work
regarding the function of translocation.
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