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On the presence of DNA polymerase in
human lymphocyte nuclei and chromosomes
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Experiments were carried out to correlate the cytological localization of DNA polymerase
with the presence of its specific mRNA in human lymphocytes studied at different times after
phytohaemagglutinin stimulation. Our data indicated that in resting cells it is not possible to
detect DNA polymerase c protein or mRNA by Northern hybridization. By contrast, in
stimulated cells the detection of mRNA specific for DNA polymerase c synthesis is possible
after 16 h phytohaemagglutin stimulation, whereas immunolocalization is possible after only 4
h stimulation. Observation of cytological preparations from cells stimulated for times long
enough to obtain mitoses surprisingly showed an intense immunoreaction in mitotic chromo-
somes treated with monoclonal antibodies to DNA polymerase .
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Introduction

DNA replication always precedes cell division and,
as such, is one of the most important, complicated
reactions in living organisms. In eucaryotic cells, the
perfect completion of this reaction is guaranteed by
a number of coordinately functioning enzymes such
as topoisomerases and various types of polymerases
(Linn, 1991). Two structurally distinct types of DNA
polymerases are known: (i) the alpha-type which
includes polymerases , and , which are possibly
involved in DNA synthesis of both leading and
lagging strands; and (ii) the /3-type which includes
the polymerases mostly involved in DNA repair
mechanisms (Chiu & Ban!, 1975), although their
possible role in DNA synthesis has only recently
been suggested (Suzuki et a!., 1991). Among the
above cited enzymes, DNA polymerase has been
studied in detail and appears to play a critical role in
DNA synthesis because of its enhanced activity in
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proliferating cells (Bambara & Jessee, 1991), as well
as its association with primase activity (Nethanel &
Kaufmann, 1990; Bullock et al., 1991). DNA poly-
merase c exists in mammals as a complex with DNA
primase and is composed of four subunits with a
molecular mass of 180, 68—77, 55 and 48 kDa (Kozu
et al., 1990). The intracellular localization of this
enzyme is still controversial. In fact, although some
reports suggest its presence in the cytoplasm
(Bollum, 1975; Brown et aL, 1981), other data indi-
cate the nuclear localization of DNA polymerase
(Masaki et al., 1982; Tanaka et a!., 1982; Matsukage
et a!., 1983). In particular, it has been found in asso-
ciation with the nuclear matrix which, as a conse-
quence, is believed to play some fundamental role in
DNA synthesis (Foster & Collins, 1985; Smith &
Berezney, 1983; Collins & Chu, 1987). In turn, as
the nuclear matrix is duplicated during the S phase
and segregated during cell division (Cook, 1991), the
localization of DNA polymerase in mitosis becomes
of critical importance.

On these bases, and taking into account that the
data available to date exclude the presence of DNA

186 1996 The Genetical Society of Great Britain.



DNA POLYMERASE IN HUMAN LYMPHOCYTE NUCLEI AND CHROMOSOMES 187

polymerase oc in mitotic chromosomes (Nakamura et
al., 1984; Stokke et a!., 1991), we further investigated
the localization of this enzyme. The study was
carried out on human peripheral blood mononuclear
cells, both resting and after phytohaemagglutinin
stimulation, during different consecutive cell cycles.

Materials and methods

Cell isolation and culture

Human mononuclear cells were isolated from the
peripheral blood of healthy donors by centrifugation
on Ficoll-Hypaque density gradients. Cells were
cultured in macrowells at 2 x 106/mL in RPM! 1640
containing 10 per cent (vlv) foetal calf serum in the
presence of phytohaemagglutinin (PHA, Gibco, 1
per cent v/v). The cells cultured in the presence of
PHA were grown for 4, 8, 16, 24, 48, 96 and 120 h
before harvesting and initiating the experimental
procedures below.

Monoclonal antibody analysis

To preserve the native structure of cell components,
these experiments were carried out by placing
unfixed nuclei and chromosomes, obtained from
PHA-stimulated lymphocytes, on clean slides by
centrifugation for 4 mm at 75 g with a Shandon II
cytospin. Cells were fixed in 4 per cent paraformal-
dehyde, 0.1 M Saccarose for 5 mm at room tempera-
ture. In some cases, mitotic preparations were
obtained by treating PHA-stimulated lymphocytes
with hypotonic solution (0.07 M KC1) for 15 mm at
37°C. Several washes in phosphate buffer (pH 7.4)
and one in phosphate-buffered saline (PBS), 0.2 per
cent Triton X-100 were effected prior to immunos-
taming. Slides were then incubated with 20—40 pg
mL1 monoclonal antibody (McAb) to DNA poly-
merase oc (either SJK 287 or E4; see Tanaka et a!.,
1982; Kozu et al., 1990; Takada-Takayama et al.,
1990) for 1 h at room temperature. After several
washes in PBS—Triton X-100, preparations were
incubated with biotinylated IgG antimouse (Vector,
USA, 1:200 for 30 mm at room temperature) and
then with biotinylated acetyl—avidin complex (Bio
Division, Italy; 1:250 for 30 mm at room tempera-
ture). Immunostaining was carried out using
3'-3 '-diaminobenzidine tetrachloride (Sigma; 3 mg
mL1) and 0.3 per cent hydrogen peroxide in PBS.
The immunoreaction negative controls were effected
using horse serum (1:100) instead of McAb to DNA
polymerase oc.

The Genetical Society of Great Britain, Heredity, 77, 186—191.

In some cases, Giemsa staining (5 per cent in
deionized water) was used to make control chromo-
somes and nuclei evident.

Northern hybridization analysis

Total cellular RNA was extracted from 1 x 108 peri-
pheral blood lymphocytes with guanidium isothio-
cyanate, and purified by centrifugation using 5.7 M
CsC1 (Chirgwin et al., 1979). The RNA (30 tg per
track) was then electrophoresed on a 0.8 per cent
denaturing agarose gel and transferred to a Hybond
N membrane (Amersham). The UV-irradiated filter
was hybridized with 32P-labelled cDNA for human
DNA polymerase oc and for histone H3. Before and
after RNA transfer to the nylon membrane, the gel
was stained with ethidium bromide to evaluate the
amount of transferred RNA.

Results

McAb analysis

Identical results were found when experiments were
carried out using either SJK 287 or E4 McAb. For
brevity we will describe and discuss only those
results obtained with McAb SJK 287. A negative
immunoreaction was observed in: (i) control
preparations; (ii) nonstimulated, resting lymphocytes
prepared just after PHA stimulation; and (iii) nuclei
observed after 0—3 h PHA stimulation. On the
contrary, intense brown staining was found in
preparations of lymphocytes after 4 h PHA stimula-
tion (Fig. 1), although stain intensity and the
number of labelled cells increased with an increase
in time after stimulation (Fig. 2). In detail, some
nuclei (about 5—10 per cent) showed moderate
immunolabelling that appeared granular in prepara-
tions studied after 4 h from PHA stimulation. In
preparations studied after 8, 16 and 24 h from PHA
stimulation, immunostain intensity was more homo-
geneous and the number of labelled nuclei higher
(about 20, 30 and 50 per cent, respectively)
compared with what we observed in preparations of
4 h stimulated cells. Immunoreaction was maximum
in both stain intensity and the number of labelled
nuclei (about 90 per cent) in preparations studied
after 48, 72 and 96 h from PHA stimulation.
Chromosomes revealed intense immunostaining
during each step of mitosis, whereas the cytoplasm
of all cells showed scarce reaction.

An intense immunoreaction with McAb to DNA
polymerase oc was found in human mitotic chromo-
somes obtained not only from lymphocytes but also
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Fig. 1 (a) Human mitotic chromosomes from peripheral
blood lymphocytes stimulated with P1-IA were prepared by
cytospin, treated with horse serum (negative control) and
counterstained with Giemsa. Note that chromosomes
show Giemsa staining and no peroxidase reaction. (b) A
very intense peroxidase reaction is present in cytospinned
chromosomes that appear brown in colour after immuno-
reaction with McAb SJK 287 and subsequent Giemsa
staining. (c) Human chromosomes treated with McAb
SJK 287 but' not counterstajned with Giemsa. Note that
intense immunostaining is present in some telomeric
regions (see arrows).

from hepatoma cell line, as well as from foetal brain
cells (M. G. Ennas, unpublished data).

Northern hybridization analysis
No hybridization occurred between cDNA and DNA
polymerase using the RNA isolated immediately
after (time 0) or 4 h after PHA stimulation. A faint
signal, difficult to detect, was found when hybrid-
ization was carried out using RNA samples isolated
from lymphocytes stimulated with PHA for 8—16 h.
A moderate, although clearcut signal was present in
hybridization experiments carried out using RNA
samples obtained from cells stimulated for 24—48 h,
and became very intense when RNA samples were
obtained from 72—96 h stimulated cells. Conversely,
hybridization with cDNA to histone H3 and fi actin

showed labelling in correspondence with RNA isola-
ted after 48, 72, 96 and 120 h PHA stimulation (Fig. 3).

Discussion

Very few data are available on the localization of
DNA polymerase on mitotic chromosomes with
McAbs and, among such data, only those obtained
by Nakamura et a!. (1984) specifically describe
results obtained on human lymphocyte mitotic
chromosomes. In all cases, it seems that the above-
cited immunoreaction occurs in the cytoplasm but
not on chromatin (Nakamura et at., 1984; Stokke et
at., 1991). Our data, on the contrary, show intense
immunoreaction in human nuclei and mitotic
chromosomes after McAb staining. This apparent
contradiction might be explained by the fact that the
above-cited authors employed procedures that were
different compared with those used in our experi-
ments. For instance, a different McAb was employed
by Nakamura et al. (1984), whereas Stokke et a!.
(1991), although using the same SJK 287-38 McAb,
employed peripheral blood human B lymphocytes
stimulated with anti-# and low molecular weight B
cell growth factor (PHA was the stimulating agent,
known for acting on T lymphocytes; see Mandel et
a!., 1977, in our experiments). Moreover, our results
were obtained on cytological material treated with
the McAb immediately after preparation, as storage
of slides at —20°C resulted in poor, faint immuno-
staining (M. G. Ennas, unpublished data). On the
other hand, other data exist that do not dramatically
contrast with our data. Bensch et a!. (1982), using
the SJK 287-38 McAb on two transformed cell lines
maintain that the 'localization of DNA polymerase
is essentially intranuclear', although reporting that in
mitotic cells, whose nuclear envelope is not present,
'the polymerase antigen appears to be freely distrib-
uted throughout the cytoplasm compartment'.
Furthermore, Martelli et at. (1990) showed an asso-
ciation of DNA polymerase c activity with the
nuclear matrix, and very recently Brenot-Bosc et at.
(1995) have shown that DNA polymerase has a
predominantly nuclear location in the G1 phase of
actively growing Manca cells. Metabolic activity is
practically nil during mitosis, so the last fact strongly
agrees with DNA polymerase c localization on
mitotic chromosomes. In this connection, we stress
our finding of positive immunolabelling not only on
human lymphocyte but also on human hepatoma
metaphase chromosomes.

If DNA polymerase z is actually part of mitotic
chromosome structure, the coincident pattern of
intense labelling found when comparing DNA poly-
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Fig.2 Human lymphocytes prepared by cytospin and stained with McAb to DNA polymerase after PHAstimulation for

4, 8, 16—24 h and 48—72—96 h are shown respectively in (a), (b), (c) and (d). Note the progressive increase in stain
intensity and number of nuclei labelled, from a moderate reaction (a), a granular-like reaction (b), to an intense reaction

(c, d). Also note that in (c) and (d) not all the nuclei are labelled, possibly because betweenB and T lymphocytes, PHA
stimulates only some cells of the T population, and among T lymphocytes not all are stimulated at the same time (Mandel,
1977). Lymphocyte mitotic chromosomes, prepared by cytospin centrifugation, show intenseimmunoreaction both in

metaphase (e) and anaphase (f).

merase and histone H3 (indicative of DNA synthe-
sis) Northern blot hybridization is not surprising.
Therefore, DNA polymerase a, synthesized during S
phase like all nuclear proteic components (Zetter-
berg, 1966), might act not only to catalyse DNA
replication but also to double chromosome compo-
nents that must be distributed to daughter cells
during subsequent mitotic division.

The correlation between our cytological and
biochemical data shows that mRNA specific for
DNA polymerase ot is not present, or is present at a
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level difficult to detect, when the enzyme is already
present, as monitored by immunoreaction in nuclei
(4, 8 and 16 h after PHA stimulation), thus support-
ing the hypothesis of the possible structural role
played by DNA polymerase in chromatin struc-
ture. In this connection, Smith & Berenzney (1983)
state that 'DNA polymerase c is dynamically
assembled or activated on the nuclear matrix and
that this process is initiated before the onset of in
vivo replication', whereas it is known that other
enzymes involved in DNA synthesis such as Topoi-
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Fig. 3 Steady-state mRNA levels of human DNA poly-
merase in peripheral blood human lymphocytes,
cultured in the presence of PHA for different times (h),
as indicated at the top of the panel. Northern blot hybrid-
ization of total RNA from quiescence to progressive
proliferation was performed to measure relative levels of
human DNA polymerase a (5.4 kb), histone H3 and actin
(2.0 kb) steady-state mRNAs as described in Materials
and methods. Equal amounts of total RNA were used for
each point and verified by fl actin hybridization and by
ethidium bromide staining of rRNA bands, as shown in
the lower part of the panel; rRNA positions (28S and
18S) are indicated on the right.

somerase II and DNA polymerase fi are part of
chromosome structure (Earnshaw et a!., 1985; Mene-
gazzi et at., 1991).
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