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ABSTRACT

We have established and partially characterized a panel of monoclonal
antibodies against a-DNA polymerase. One of the hybridomas, clone 51,
has been exploited for cell kinetic studies on three colon cancer cell lines,
LOVO, SW 620, and SW 403, which are endowed with different growth
patterns and differentiation status. By an immunoperoxidase method, we
could demonstrate the specific intranuclear localization of a-DNA polym
erase during the exponential phase of in vitro growth and contrast it with
the diffuse distribution of the enzyme throughout the cytoplasm during
the resting state. The percentage of intranuclear staining positive cells,
evaluated at successive time points of in vitro growth, changed from 75
to 95% (assayed on Days 3 and 7) to 15 to 25% in confluent and resting
populations assayed on Days 12 to 14. In agreement with the assumption
that the enzyme moves from nucleus to cytoplasm after entering quies
cence, a-DNA polymerase was still present in the cytoplasm or in the
cytoplasmic perinuclear area of cells in resting phase cultures. Compar
isons between traditional kinetic parameters (thymidine labeling index
and primer-dependent a-DNA polymerase) and proliferarne state deter
mined by the monoclonal antibody supported the feasibility of this
approach to define the proportion of actively proliferating elements in a
tumor cell population. Moreover, parallel flow cytometric analysis per
formed on Days 5 and 14 of continuous culture showed fluctuations of a-
DNA polymerase content in relation to exponential and steady-state
phases, with a significant increase in the amount of a-DNA polymerase
in actively proliferating populations and a progressive reduction of the
enzyme as the cultures entered the resting stage.

INTRODUCTION

One of the most generally accepted prognostic parameters in
tumor diagnosis is the estimation of proliferative activity. This
procedure is routinely performed by evaluating the percentage
of tumor cells in mitosis or in S phase (1-3). Other more
complete approaches, such as the pulse labeled mitosis tech
nique for cell cycle traverse rate analysis and flow cytometry to
estimate cell cycle phases according to DNA content, allow
further analysis of the kinetic characteristics of the tumor
population (4-10). In 1973, Schiffer et al. developed an auto-
radiographie technique to evaluate tumor growth fractions (7,
11-14). This technique, called available PDF3 index, measures,
in situ, the simultaneous presence of nuclear a-DNA polymer

ase and nuclear DNA primer template activity; the method is
based on the demonstration that, regardless of their position in
the cell cycle, proliferating cells have increased contents of a-
DNA polymerase in comparison with their nonproliferating or
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dead counterparts. However, the PDF index method is labori
ous, time consuming, and sensitive to many erratic technical
factors (i.e., stripping of cytoplasm) which often prevent con
sistent results.

We decided to refine the method of measuring growth frac
tions by establishing MoAb to a-DNA polymerase, so that
proliferating cells could be recognized on the basis of the
intracellular localization and content of the enzyme rather than
its activity. In this manner, cells could be examined in situ
without requiring the deleterious manipulations required for
the PDF index method. In this paper, we report the establish
ment of such a MoAb, and we demonstrate the intranuclear
presence of large amounts of the enzyme in actively cycling
cells (whether in d, S, or G2-M) and a cytoplasmic or perinu
clear localization for cells in quiescence (G0).

MATERIALS AND METHODS

Immunization Protocol. Female BALB/c mice (4 to 6 wk old) were
immunized with a priming s.c. injection of 400 Â¡igof partially purified
calf thymus a-DNA polymerase (dialyzed for 24 h in PBS, pH 7.2; P.
L. Biochemicals, Inc., Milwaukee, WI) in IMDM medium emulsified
1:1 with complete Freund's adjuvant. This was followed by 3 separate

i.p. injections of the same immunogen at weekly intervals. A final s.c.
booster injection was given to the mouse 3 days before sacrificing.
Spleen cells (10 x IO8) of the immunized mouse were fused with
exponentially growing P3-X63-Ag8 mouse plasmocytoma cells by using
a 33% solution of polyethylene glycol (PEG-100; MA Bioproducts,
Walkersville, MD) for 30 s at RT. After centrifugation at 800 x g for
6 min, the cell pellet was suspended and incubated overnight in condi
tioned medium (complete IMDM diluted 1:1 with 1-day-old medium
from myeloma cell cultures). Cultures were then transferred into six
96-well microtiter plates (Costar 3596; Costar, Cambridge, MA) in
HAT selective medium (HT; lOOx stock; MA Bioproducts, Walkers
ville, MD) and aminopterin (Sigma, St. Louis, MO). Cells were grown
for 2 to 4 wk or until macroscopic colonies developed.

ELISA Assay. Hybridoma culture supernatants were screened 2 wk
after fusion for anti-a-DNA polymerase activity by ELISA according
to the manufacturer's instructions (Hybri-clonal EIA mouse antibody

screening kit; Kirkgaard & Perry Laboratories, Gaithersburg, MD).
Briefly, 1 Â¿tgof partially purified a-DNA polymerase was added to
individual wells of Polyvinylchloride microtiter plates (Costar 2596)
previously coated with 50 Â¿il/wellof 0.2% poly-L-lysine solution (Sigma)
for l h at RT. One hundred n\ of supernatant medium were added to
each well and allowed to incubate for l h at RT. After washing, wells
were treated with the peroxidase-labeled anti-mouse immunoglobulin
antibody for l h at RT and then incubated with 2.2'-azino-di(3-ethyl-

benzthiazoline sulfonate) plus hydrogen peroxide for 20 min at RT.
The blue-green reactions were read with a Model MR580 micro-ELISA
autoreader (Dynatech, Santa Monica, CA) at 405 nm. Each group of
96-well plates usually yielded an average of 3 to 4 positive wells.

Mass Production of Monoclonal Antibody. First screening positive
hybridomas were cloned by the limiting dilution technique into 96-well
plates for 2 or 3 successive runs. Then, hybridomas showing antibody
activity to a-DNA polymerase were transferred into 16-oz glass pre
scription bottles in IMDM supplemented with 20% fetal calf serum
and then replenished with IMDM without serum for 24 h. Supernatants
were collected and partially purified by (Mlj)2S()4 precipitation. The
precipitate was centrifuged at 48,000 x g for 30 min at 4Â°Cand dialyzed
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against PBS. Aliquots were frozen at â€”70Â°Cuntil use.

Immunoglobulin Class. The immunoglobulin classes of MoAb from
the culture supernatants were identified by Ouchterlony double immu-
nodiffusion by using specific sera (rGi, rG2, rG3, IgA, and IgM; Bio-
netics, Charleston, SC). Four ml of a 0.8% agarose type I solution in
borate buffer (5 mM, pH 1.1 to 7.4) were added to a 60-mm Petri dish
and allowed to solidify overnight at 4"C. Seven holes were then punched

( 1 central and 6 eccentric) in which MoAb and class-specific antisera
were added and incubated overnight in a humidified chamber at RT.

Immunocytochemistry. Three human colon carcinoma cell lines with
different degrees of phenotypic differentiation, LOVO, SW 620, SW
403 (1, 15), were grown as monolayer cultures in 25-cm2 plastic flasks
(Corning, New York, NY) in F-10 medium supplemented with 10%
fetal bovine serum or in L-1S medium supplemented with 10% fetal
bovine serum, respectively, and maintained without medium change for
2 wk to achieve complete quiescence (15, 16). Replicate cultures were
trypsinized at different time points, counted, and checked for cell
viability by the trypan blue dye exclusion test. Cells washed twice in
0.9% NaCl solution were cytocentrifuged (1 x 10s) onto microscope

slides, fixed by immersion in fresh 4% paraformaldehyde (pH 7.4) at
4Â°Cfor 6 min, and rinsed twice in cold phosphate-buffered saline (Ca2V
Mg2+ free, pH 7.2) for 5 min and 10 min, respectively. Slides were then
processed for PAP staining according to manufacturer's instructions

(17). Briefly, after fixation, slides were dried on filter paper and incu
bated with 1:10 purified MoAb for l h at 37Â°Cin a humidified chamber.

Samples were rinsed for 20 min in PBS and incubated with goat anti-
mouse IgG (Peel-Freez Biologicals, Rogers, AR) for l h at 37Â°Cin a

humidified chamber, rinsed again, and incubated with peroxidase-
antiperoxidase antibody (Pel-Free/ Biologicals) for l h at RT. After
rinsing, slides were placed in the peroxidase substrate solution (3-
amino-ethylcarbazole; Ortho Diagnostic Systems, Raritan, NJ), then
rinsed again, and lightly counterstained with Mayer's hematoxylin.

Negative controls consisted of slides treated with normal mouse serum
instead of MoAb, and positive controls were cells treated with a MoAb
that was previously shown to react with all colon cancer cell lines (18).
Preparations were evaluated within 24 h with a light microscope at x40
and xlOO magnifications. Positive and negative cells were defined
according to the presence of intranuclear staining (see "Results"), and

the percentage of positive cells was established after scoring at least
1000 cells in consecutive fields.

Thymidine Labeling Index and Primer-dependent a-DNA 1'olymi-rase.

Single cell suspensions collected during exponential and stationary
phase were processed for two autoradiographic techniques, pulse TLI
and PDP-LI to evaluate the percentage of cells in S phase and the
growth fractions, respectively. Procedures were carried out as described
previously (11).

Flow Cytometry. Exponentially growing and resting-phase cells were
harvested and fixed in 4% paraformaldehyde at 4"( ' (4 x IO6cells/ml),

washed twice in cold PBS (pH 7.4), and then centrifuged; 100 /Â¿Iof
MoAb diluted 1:10 in the same buffer were added to the pellet and
allowed to incubate for l h at 37Â°C.For a negative control, the MoAb

was substituted with PBS. Cells were then washed twice, and the pellet
was resuspended in 100 /il of FITC-labeled anti-mouse IgG (Sigma, St.
Louis, MO), diluted 1:20 in PBS for 30 min at RT. Cells were then
washed twice in cold PBS followed by 30- to 45-min fixation in 95%
ethanol on ice. Immediately before analysis, cells suspended in 0.9 ml
of buffer were filtered through a 40-/tm-diameter nylon mesh (Spectrum
Medical Industries, Los Angeles, CA), and 100 n\ of propidium iodide
(500 jig/ml; Sigma, St. Louis, MO) were added for DNA staining.
FCM analysis was performed with an Epics V flow cytometer (Epics
Division of Coulter Electronics, Inc., Hialeah, FL) using a 5-W argon
ion laser at 488 mm with a power of 500 mW and a filter combination
consisting of a 560 dichroic mirror, a 610 long pass, and a 530 short
pass filter. Negative controls were cells from each line treated in an
identical manner but without exposure to our MoAb that was replaced
by normal mouse serum.

Immunoblotting. An aliquot (240 /Â¿g)of partially purified a-DNA
poly morase was dissolved in 100 /il of standard SDS-PAGE buffer (1%
SDS-15% glycerol-1 mM EDTA-10 min Tris-0.05% bromophenol blue-
1% mercaptoethanol, pH 8.0). The mixture was boiled for 5 min to

denaturate proteins, and 50 //I were subjected to a 10% SDS-PAGE
run according to the method of Laemmli (19). After electrophoresis,
the gel was soaked for 2 h in electrotransfer buffer (192 mM glycine-25
mM Tris-20% mediano). pH 8.0) and then assembled in a gel-membrane
transfer electrophoresis cell (Hofer Scientific Instrument, San Fran
cisco, CA). Transfer of proteins to a nitrocellulose sheet was achieved
in electrotransfer buffer for 48 h at a constant voltage of 40 V in the
cold room. The blotted nitrocellulose membrane was first soaked in
BSA-saline solution (50 mM Tris-1% BSA-0.9% NaCl solution, pH
8.0) for l h at RT, incubated in normal goat serum diluted 1:50 in
BSA-saline solution, and then incubated with MoAb to a-DNA polym-
erase diluted 1:10 in BSA-saline solution for 16 h in the cold room.
The nitrocellulose sheet was washed again and incubated with 1:100
BSA-diluted solution of goat anti-mouse IgG for l h at RT. After
washing, the nitrocellulose membrane was incubated in a solution of
peroxidase mouse antiperoxidase antibody diluted 1:400 in BSA-saline
solution for I h at 25V and then washed. Finally, the sheet was
incubated in a freshly prepared solution of 3.3'-diaminobenzidine te-

trahydrochloride [7.5 mg of 10 ml diaminobenzidine-1 M Tris-HCl (pH
7.6)-130 /il of hydrogen peroxide]. The polypeptides detected by the
MoAb were evident as brown-colored bands.

RESULTS

Spleen cells from mice immunized with 400 ng of partially
purified calf thymus a-DNA polymerase and fused with mouse
myeloma yielded eight hybridomas secreting relevant MoAb.
The primary screening was performed by ELISA assays using
partially purified supernatants tested against a-DNA polymer
ase at different dilutions (1:10, 1:50, 1:100, 1:500, 1:1000).
Supernatants of these 8 hybridomas exhibited positive reactivity
between the dilution of 1:10 and 1:500 with absorbance values
greater than 1.0. Clone 5F was selected for partial characteri
zation and cell kinetics studies because of its high titer secretion
of MoAb and its easy growth in culture. By the Ouchterlony
immunodiffusion test, the MoAb produced by 5F was deter
mined to belong to the IgG2 subclass. The three major bands
of the polymerase (Mr 150,000, 70,000, and 50,000, respec
tively) were identified after processing the antigen on SDS-
PAGE. Immunoblotting performed after electrophoresis
showed a specific reaction of the MoAb with the M, 70,000
band, a result confirmed in 5 consecutive experiments. This
indicates that the M, 70,000 polypeptide of a-DNA polymerase
contains the antigenic determinant for this particular MoAb.

Following cell immunostaining, a-DNA polymerase was lo
calized inside the nucleus only in actively proliferating cells in
all three cell lines, regardless of their position along the cell
cycle. This was in sharp contrast with the cytoplasmic localiza
tion for resting-phase cells of all lines (Fig. 1). Positive (prolif
erating) cells exhibited dark granules located almost exclusively
in the nucleus and a very light and diffuse brown color in the
cytoplasm. Changes in the proportion of positive cells were
determined sequentially (with simultaneous cell counts) on
unrefed cultures of all 3 established cell lines by scoring at least
1000 cells in 3 different slides per time point (Fig. 2). The
highest percentage of intranuclear staining positive cells (75 to
95%) was noted between the third and seventh day of culture
(exponential growth) for all three cell lines. When cells started
entering quiescence, around the 14th day, the intranuclear
positivity decreased to the lowest levels (15 to 25%), while a
noticeable increase in cytoplasmic staining was observed.

In order to prove that the analysis with MoAb to a-DNA
polymerase content determines the true proportion of prolifer
ating cells, TLI and PDP-LI were performed during exponential
and stationary phase and correlated to the imunoperoxidase
staining estimated on the same samples. Table 1 shows the
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Fig. 2. Growth curves of human colorectal carcinoma cell lines. Cell number
evaluation in logarithmic scale (left ordinate). Percentage of PAP-positive cells in
linear scale (right ordinate).

Table 1 Comparison between traditional cell kinetics parameters and
proliferative activity analysis by MoAb to a-DNA polymerase

Exponential ' Stationary %

Cell line TLI PDP-LI PAP TLI PDP-LI PAP
LOVO 26 Â±4.3Â° 56 Â±5.8 70 Â±9.6 SÂ±1.4 14 Â±2.9 12 Â±1.6

SW403 39 Â±4.3 63 Â±5.7 67 Â±6.4 18 Â±4.5 23 Â±4.8 25 Â±3.5
SW620 35 Â±2.9 67 Â±4.5 72 Â±4.5 23 Â±2.9 35 Â±3.7 37 Â±2.9
' Mean Â±SE.

â€¢

Fig. 1. Immunostaining of cytocentrifuge slides of LOVO cells carried out
with clone 5F MoAb to a-DNA polymerase: top, negative control; middle,
exponential phase; bottom, stationary.

comparison between those traditional autoradiographic meth
ods and the new type of evaluation with our MoAb. Values
represent data from at least 3 separate experiments for each
cell line, each with quadruplicate samples. As anticipated from
previous studies (16), all cell lines showed a decrease in all
indices of proliferation (TLI and PDF) when entering quies
cence, and this result was reflected by a correlated decrease in
the proportion of cells stained with our MoAb.

Parallel flow cytometric evaluations were performed using
double staining with propidium iodide, for DNA content, and
FITC-labeled anti-mouse antibody for MoAb labeling. Figs. 3
to 5 show two-parameter tridimensional histograms for each
cell line where DNA content (red fluorescence) is correlated to
amount of MoAb binding (green fluorescence) in relation to
phases of in vitro growth. The intensity of green fluorescence
was higher for cultures in exponential growth and decreased
for cultures in stationary phase as reflected by the reduced area
on the top view and the narrowing of the green fluorescence
peak on the right-sided view. However, flow cytometry can
detect only the total intensity of fluorescence (i.e., total a-DNA
polymerase). We repeatedly tried to distinguish nuclear from
cytoplasmic fluorescence by isolating purified cell nuclei. How
ever, the tendency of a-DNA polymerase to leak out of the
nucleus when cells are placed in aqueous solution prevented
success. Therefore, we can only assume that the residual green
fluorescence detected in stationary-phase cultures represents
primarily the cytoplasmic portion of the a-DNA polymerase
observed at the microscopic (immunoperoxidase) level.

DISCUSSION

During the past few years much information has accumulated
about a-DNA polymerase and its role in replication of eucar-
yotic cells (20-23). Although its intracellular distribution has
not been entirely clarified, a-DNA polymerase seems to play
an important role in cell division (12, 21, 24) and, in particular,
its intracellular content is believed to increase in cells stimulated
to proliferate (25). Brown et al. demonstrated the perinuclear
cytoplasmic presence of a-DNA polymerase in bovine cells by
using a rabbit antibody against the calf thymus-derived enzyme
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i

Fig. 3. FCM histograms of LOVO during exponential phase (A) and stationary
phase (B). DN A content (red fluorescence) on the front side and o-DN A polym-
erase (green fluorescence) on the lateral side.

(26). Chang and Bollum claimed that the increment of a-DNA
polymerase activity during rat liver regeneration was located in
the cytoplasmic fraction (27). In contrast, Nakamura et al.
showed by indirect immunofluorescence with MoAb the intra
nuclear localization of the enzyme in GÃ¬,S, and G2 phases of
the cell cycle in transformed human cells (28); this finding was
supported by Bensch who demonstrated, by immunoperoxidase
staining with MoAb to human a-DNA polymerase, that the
distribution of the enzyme in human cells was concentrated in
the nuclear area (29).

We established murine hybridomas secreting anti-a-DNA
polymerase MoAb that localized the enzyme in the nucleus of
proliferating human colon cancer cells. Our results, in agree
ment with those reported by Nakamura a al. and Bensch,
established the almost exclusive nuclear localization of the
enzyme in actively proliferating cells in contrast with the diffuse
cytoplasmic staining of resting cells. These findings suggest

Fig. 4. FCM histograms of SW 620 cells during exponential (A) and stationary
(B) phase. DNA content (red fluorescence) on the front axis and a-DNA polym
erase (green fluorescence) on the lateral axis.

cyclic migration of a-DNA polymerase from the nucleus to the
cytoplasm (13, 21), and vice versa, in relation to cellular prolif-
erative status.

For cell kinetics analysis we used three colon cancer cell lines
with phenotypic properties ranging from well differentiated
(LOVO) to undifferentiated (SW 403) (15). We assumed that
such characteristics would be representative of many cell kinet
ics aspects involved in tumor malignancy, such as distinct rates
of proliferation and growth fractions ( 15). By immunoperoxi
dase tests we correlated the intranuclear presence of a-DNA
polymerase with the proliferative stage of in vitro growth. Our
data demonstrated that this method allows discrimination of
resting cells from cycling cells in routine growth fraction deter
minations. The occasionally encountered cell showing dual
(nuclear and cytoplasmic) enzyme localization was considered
as just entering the cell cycle or approaching the resting phase.
These rare cells were not included in the calculations. The
persistent presence of green fluorescence detected by flow cy-
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Fig. 5. FCM histograms of SW 403 cells during exponential (A) and stationary
(B) phase. DNA content (red fluorescence) on the front axis and a-DNA polym-
erase (green fluorescence) on the lateral axis.

tometry during quiescence suggests that, in addition to the
dynamics of localization of a-DNA polymerase in relation to

growth stage, the enzyme is also slowly cleared following the
arrest of the cell population, a process that occurs in all phases
of the proliferative cycle (16).

In conclusion, the use of MoAb against a-DNA polymerase

provides a reproducible and rapid method for evaluating growth
fractions of cell populations in comparison to the traditional
time-consuming and error-prone PDP-LI autoradiographic

techniques. Although these studies were performed with human
tumor cell lines established in vitro, it is our belief that this
approach can be easily directed to determination of growth
fractions in fresh tumor samples and, in particular, for moni
toring chemotherapeutic treatment protocols or for prognostic
evaluations in clinical oncology.
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