
[CANCER RESEARCH 47, 5971-5974, November 15, 1987)

Inhibition of Mammalian DNA Polymerases by Recombinant a-Interferon and
7-Interferon1

Masao Tanaka,2 Kiyoji Kimuni, and Shonen Yoshida

Hematotogical Disease Center, Nagoya National Hospital, Naka-ku Â¡M.T., K. K.J, and Institute for Disease Mechanism and Control, Nagoya University School of
Medicine fS. YJ Nagoya, Japan

ABSTRACT

Interferons (IFNs) have been shown to suppress the growth of both
normal and malignant cells. We examined the effect of gene-cloned IFN-
a and IFN-7 on the in vitro activities of human, calf, or rat DNA
polymerases. IFN-a strongly inhibited the reactions of DNA polymerase
a and /)'at apparent A, values of 1.25 and 0.35 x 10s antiviral units/ml,
respectively, but inhibited DNA polymerase y only slightly. IFN-7
inhibited the reaction of DNA polymerase a more strongly (A,. 1.2 x III'

units/ml) than IFN-a, but not that of DNA polymerase ÃŸ.On the other
hand, neither IFN-a nor IIN--, inhibited the reactions of DNA poly
merase I from Escherichia coli, Klenow fragment, T-4 DNA polymerase,
and RNA polymerase. The fact that A, values for IFN-a of DNA
polymerase from calf thymus, human leukemic cells, and rat liver were
similar suggests the absence of species specificity among animals with
regard to the inhibition of DNA polymerases by IFNs. These results
indicate that DNA polymerase may be one of the targets of the action of
IFNs.

INTRODUCTION

The IFNs3 are a group of proteins which regulate a wide

spectrum of cell function and modulate responses to infections
and malignant diseases (1). Since the discovery of IFN, there
has been intensive interest in the application of the modulators
for clinical use as both antiviral and antineoplastic agents.
Recent advances in recombinant DNA technology made it
possible to apply IFNs for clinical use (2-4). The interaction of
IFN with susceptible cells is mediated by binding to a specific
high-affinity cell surface, a step which is necessary for the
subsequent biological effects of IFN (5, 6). Anderson et al. (7)
reported that interferon-receptor complexes are internalized
and degraded intracellularly subsequent to binding. However,
two recent studies demonstrated that purified mouse IFN-/3 and
IFN-7 are internalized and then rapidly transported to the cell
nucleus into an area of dense chromatin (8, 9). Therefore, it is
conceivable that IFN molecules can directly affect the function
of the nucleus and inhibit DNA synthesis.

In the present study, we have investigated the effect of IFN-
Â«and IFN-7 on mammalian DNA polymerases to assess
whether the inhibition of DNA polymerases can be one of the
targets of IFN.

MATERIALS AND METHODS

Assessment of IFN. IFN-a and IFN-7 produced in Escherichia coli
from recombinant human DNA were generously provided by Takeda
Pharmaceutical Co. (Osaka, Japan). The purity of IFN-a and IFN-7
preparations was more than 95% as determined by sodium dodecyl
sulfate-gel electrophoresis and showed the specific activity of 2.4 x 10s
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and 5.9 x IO6lU/mg protein, respectively, determined by an assay for

reduction of the cytopathic effect of vesicular stomatitis virus on WISH
cells (10). IFN preparations contained 1 mg of human serum albumin
per IO7and IO6units of IFN-a and IFN-7, respectively, as a stabilizer.

Their activities were expressed as units of IFN by comparison with the
international standard (NIH Ga 23-902-530). IFNs were kept at 4*C
(IFN-a) or frozen (IFN-7) at a concentration of 2 x 10' units/ml.

Chemicals. [methyl-3H]TTP and other labeled compounds were from

New England Nuclear. Unlabeled dNTPs and homopolymers were from
Boehringer, Mannheim, Federal Republic of Germany. Anti-human
leukocyte interferon (anti-IFN-a) IgG (rabbit) was obtained from Bio-
Yeda (Kiryat Weizman, Israel). It had the potency to neutralize 500,000
units of human leukocyte interferon per ml.

Enzymes. DNA polymerase a (IOS form) was purified from the
extract of calf thymus by a column chromatography series using phos-
phocellulose, DEAE-cellulose, hydroxyapatite, and polyinosinate-
Sepharose as described before (11, 12). DNA polymerase ÃŸwas also
purified from calf thymus as described (13) by using columns of DEAE-
cellulose, carboxymethylcellulose, and DNA-cellulose. The final prep
aration of DNA polymerase a showed a specific activity of 30,000 units
(mnol dNTP incorporation/60 minime protein. Meanwhile, the final
preparation of DNA polymerase ÃŸshowed a specific activity of over
20,000 units/mg protein with poly(rA)-(dT),0 as a template (13). DNA
polymerase 7 was purified from calf liver by a column chromatography
series, using phosphocellulose, DEAE-cellulose, and hydroxyapatite
(14). The final preparation showed a specific activity of 12,000 units/
mg protein.

TdT from calf thymus was purified nearly to homogeneity by meth
ods reported previously (15). DNA polymerases a, ÃŸ,and 7 in cultured
human leukemic cells (CCRF-CEM) and rat liver were separated on a
phosphocellulose column as described previously (16). The specific
activities of DNA polymerase a, ÃŸ,and 7 fractions in CCRF-CEM
were 69, 44, and 89 units/mg protein, respectively, and those of DNA
polymerases a, ft and 7 of rat liver were 127, 151, and 145 units/mg
protein, respectively.

All DNA polymerase a preparations were inhibited by aphidicolin
but were resistant to 2',3'-dideoxy-TTP. DNA polymerase ÃŸprepara
tions were inhibited by 2',3'-dideoxy-TTP and potassium phosphate

but were resistant to aphidicolin. DNA polymerase 7 preparations were
inhibited by 2',3'-dideoxy-TTP but were resistant to aphidicolin and

stimulated by potassium phosphate (20 HIM).DNA polymerase I from
E. coli (specific activity, 20,000 units/mg protein) and RNA polymerase
from E. coli (specific activity, 380 units/mg protein) were obtained
from Miles Laboratories. Klenow's fragment of DNA polymerase (spe

cific activity, 5230 units/mg protein) and T-4 bacteriophage DNA
polymerase (specific activity, 31,250 units/mg protein) were obtained
from Boehringer Mannheim.

Assay of DNA Polymerase a. The reaction mixture (62.5 n\) con
tained 80 HIMpotassium phosphate (pH 7.2); 8 HIMMgCU; 10 ng of
activated calf thymus DNA; 0.1 mM concentrations each of dATP,
dGTP, and dCTP; 50 MM[3H]dTTP (40,000 cpm/nmol); 10 mM 2-
mercaptoethanol, and enzyme fraction. After incubation at 37Â°Cfor 30

min, acid-precipitable radioactivity was measured as described before

(13).
Assay of DNA Polymerase ÃŸ.The reaction mixture (62.5 M') con

tained 40 mM Tris-HCl (pH 7.5), 80 mM NaCl, 0.1 mM concentrations
each of dATP, dGTP, dCTP, and [3H]dTTP (40,000 cpm/nmol), 8 mM

Mu< I . 10 Mgof activated DNA from calf thymus, and enzyme prepa
ration. In some experiments, the reaction mixture (62.5 i/l) contained
40 mM Tris-HCl (pH 9.0), 0.5 mM MnCl2, 1.25 jig of poly(rA)-(dT),0
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(A/T = 10), 0.1 IHM[3H]dTTP (40,000 cpm/nmol), and enzyme prep

aration.
Assay of Idi. The reaction mixture (62.5 </1)contained 50 HIM Ins

HC1 (pH 7.3), 2 mM dithiothreitol, 0.3 HIMMnCl2, 0.5 IHM['HJdGTP
(40,000 cpm/nmol), 10 Â«Â¿gheated-activated DNA, 100 mM KCI, and
the enzyme preparation. The validity of this reaction system for TdT
was reported previously (17).

Assay of DNA Polymerase y. The reaction mixture (62.5 Â¿il)con
tained 40 mM I us l K l (pH 7.5), 160 mM KCI, 1.25 mM dithiothreitol,
1.25 Â¿igpoly(rA)-(dT),o (A/T = 10), 0.1 mM [3H|dTTP (110,000 cpm/

miii'li. 0.5 mM Mn< I . and the enzyme preparation purified from calf
liver.

Assay of E. coli DNA Polymerase I, Klenow's Fragment, and T-4

DNA Polymerase. These enzymes were assayed in the same manner as
that for DNA polymerase orby using activated calf thymus DNA as a
template primer.

Assay of RNA Polymerase. The reaction mixture (62.5 />!>contained
40 mM Tris-HCI (pH 7.9); 10 mM MnCI2; 0.1 mM EDTA; 0.1 mM
dithiothrcitol; 0.15 M KCI; 0.8 HIM potassium phosphate; 0.2 mM
concentrations each of UTP, CTP, GTP, and [3H]ATP (40,000 cpm/

nmol); 15 ng of native calf thymus DNA; and 5 ng of RNA polymerase
from / coli. Incubation was carried out at 37*C for 30 min. Acid-

insoluble radioactivity was measured as described above.
(.Â«â€¢IFiltration. Separation of IFN-Â»from human serum albumin was

achieved by gel filtration of IFN-a preparation on Sephadex G-100
(Pharmacia, Uppsala, Sweden; 1.5 x 40 cm) column equilibrated with
O.I M Tris-HCI (pH 7.2). A I-ml fraction was collected and assayed for
IFN-a antiviral activity by bioassay and for inhibition of DNA polym
erase a from calf thymus. Antiviral activity was determined by cyto-
pathic bioassay as described by Rubinstein et al. (18). Reference Â«
interferon (NIH) was also expressed as limi. This reference Interferon
preparation (Ga 23-902-530) was used to standardize the interferon
assay.

The separation of IFN-> from contaminants was also achieved by
Sephadex gel filtration in the same manner. The antiviral activity of
11\ was measured in human placenta! FL cells and vesicular sto
matitis virus with the same reference as that for IFN-a.

l rÂ¡imini I h\ initliiu-Incorporation. Human leukemic cell lines CCRF-
CEM (T-lymphoblastic) and Raji (Burkitt lymphoma cells), transferred
twice weekly, were maintained as suspension culture in a 5% CO:
atmosphere at 37'C in RPMI 1640 (Grand Island Biological Co., Grand
Island, NY) supplemented with 10% heat-inactivated fetal calf serum
(Grand Island). The cells in logarithmic growth phase were washed
twice with 10 mM sodium phosphate containing 0.15 M NaCI and
suspended at 1.5 x 10* cells/ml in RPMI 1640. They were incubated
with 1.5-7.5 x 10s ID/ml of IFN-a. After incubation for 24 h, the cells
were transferred to drug-free medium and pulse-labeled with | 'I l|

thymidine (2 Â¿iCi/ml)for 30 min, and the acid-insoluble radioactivity

was counted.

RESULTS

Inhibition of DNA Polymerases by IFN-a and IFN-7. IFN-Â«
strongly inhibited the reactions of DNA polymerases a and ÃŸ
from calf thymus, human leukemic cells, and rat liver. As shown
in Fig. 1, IFN-iv inhibited the reactions of DNA polymerase ÃŸ
more strongly that that of DNA polymerase Â«.The reactions
of TdT and DNA polymerase y were much more resistant to
IFN-a. On the other hand, IFN-7 did not inhibit the reactions
of DNA polymerase ÃŸand y from any of these three species
and it selectively inhibited the reaction of DNA polymerase a.
Human scrum albumin, at concentrations up to 300 /^ 'ml. did

not inhibit either DNA polymerase a or DNA polymerase ÃŸ.
As shown in Fig. 1, the reactions of E. coli, DNA polymerase
I, Klenow's fragment, T-4 DNA polymerase, and E. coli RNA
polymerase were not inhibited by either IFN-a or IFN-7 at the
concentration tested here.

In Table 1, inhibition of DNA polymerases from various

sources by IFN-a and IFN-7 is presented in terms of the
inhibition constant (tfÂ¡),and/or 50% inhibition dose. A, values
for DNA polymerases were calculated on the basis of a Dixon
plot. The Ki for IFN-a of DNA polymerase ÃŸwas 3 times lower
than that of DNA polymerase a. The higher sensitivity to IFN-
a of DNA polymerase ÃŸthan of DNA polymerase a was
observed with enzymes from all sources tested. As shown in
Table 1, KÂ¡values from calf thymus for IFN-7 were approxi
mately 10 times lower than those for IFN-a. It should be noted
that IFN-7 aid not inhibit the reactions of DNA polymerase ÃŸ
from any species. Thus IFN-a differed markedly from IFN-7
in the specificity of inhibition.

Species Specificity. KÂ¡values of DNA polymerase a from calf
thymus for IFN-Â«did not differ significantly from those from
rat liver and human lymphoblasts. Also, human IFN-7 inhibited
DNA polymerase a from calf and rat cells as well as that from
human cells. Thus, the inhibition of DNA polymerases by
human IFNs was not specific for human enzymes but was also
observed with calf and rat enzymes. However, human IFNs did
not inhibit the /.'. coli enzymes, suggesting that the inhibition

by human IFNs may be specific for mammalian DNA polym
erases.

Mode of Inhibition. Fig. 2 shows that IFN-a inhibited the
reaction of DNA polymerase a in competition with the template
primer, activated calf thymus DNA. Increasing the concentra
tion of dNTPs in the reaction mixture of DNA polymerase a
and .; did not reverse the inhibition of IFN-a (data not shown).

Gel Filtration Studies. In order to test the possibility that the
contaminants in IFN-a preparations, e.g., human serum albu
min, inhibit the reaction of DNA polymerases, IFN-a was
further purified by gel filtration. The antiviral activity and the
inhibition of calf thymus DNA polymerase a were assessed for
each fraction. The antiviral activity cochromatographed well
with the inhibitory activity. A gel filtration study of IFN-7,
carried out in the same manner as that for IFN-a, also showed
the coincidence of antiviral activity of IFN-7 with the inhibitory
activity of DNA polymerase by IFN-7.

Suppression of Inhibition by Anti-Interferon Antibody. Anti
body against human leukocyte interferon (IFN-a) was preincu-
bated with IFN-Â«for 5 min and then was added into the reaction
mixture. The inhibition of DNA polymerase a or ÃŸfrom calf
thymus by IFN-a was suppressed by the antibody that neutral
ized 90% of IFN antiviral activity (Fig. 3). The inhibition of
DNA polymerase a and .â€¢'of the human leukemic lymphoblasts

by IFN-a was also overcome by the antibody (data not shown).
These results, combined with the results of gel filtration, indi
cate that the inhibition of DNA polymerase is due to IFN itself
and not to the possible contaminants or the stabilizer, human
serum albumin.

Thymidine Incorporation into DNA. In order to test the plau
sibility of DNA polymerase inhibition as the mechanism of
action in vivo, we studied the effect of IFN-a on DNA synthesis
in intact cells by measuring [3H]thymidine incorporation into
DNA. By exposing CCRF-CEM (T-lymphoblasts) to IFN-7 at
a concentration of 7.5 x IO5 lU/ml which is high enough to

inhibit the reaction DNA polymerase by 90%, the incorporation
of ['Hjthymidine into DNA was not inhibited. On the other
hand, incubation of Raji cells (B-lymphoblasts) with 4.5 x IO5
lU/ml of IFN-a (2-fold concentration of tfÂ¡)for 24 h inhibited
the incorporation of pH]thymidine into DNA remarkably.

DISCUSSION

IFNs are a unique group of glycoproteins that possess potent
antiviral and immunoregulatory properties. Recently the anti-
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Fig. I. Inhibition by IFN-a (A) and IFM-f (B) of DNA polymerases a, ÃŸ,y and TdT from calf thymus; DNA polymerase I from E. coli; T-4 DNA polymerase;
and Â£.eoli RNA polymerase. Calf DNA polymerase a (â€¢â€”â€¢),0 (O), y (â€¢â€”â€¢),TdT (x), E. coli DNA polymerase I (D), Klenow's fragment (â€¢),T-4 DNA polymerase
(A), and RNA polymerase from / coli (A) were assayed under the conditions described in "Materials and Methods." For assay of DNA polymerase .;. activated calf
thymus DNA was used as the template primer. IFN-a and UN, were added to the reaction mixture at the concentration indicated in the figure. We used 22 ng of
DNA polymerase a, 56 ng of DNA polymerase ÃŸ,90 ng of TdT, 60 ng of DNA polymerase y, 1.2 ng of E. coli DNA polymerase I, 2.2 ng of Klenow's fragment, 0.5
ng of T-4 DNA polymerase, and 5 ng of RNA polymerase from E. coli. 100% corresponds to 0.67, 1.12, 0.73, 0.54, 1.34, 11.2, and 1.62 nmol deoxymononucleotide
monophosphates incorporated into DNA per 60 min for DNA polymerases a, .>'.and -.; TdT; E. coli DNA polymerase I; Klenow's fragment; T-4 DNA polymerase,

and 0.92 nmol nucleotide monophosphate incorporated for RNA polymerase, respectively.

Table 1 K, values and 1DM' of DNA polymerases for IFN-a and IFN-y*

Calf Human Rat

pol-a pol-0 TdT pol-a pol-ÃŸ pol-a pol-0

IFN-a
IDso(x 10*IU/ml) 2.45 1.07 NI 3.34 0.94 4.54 2.76
K, (x 10' lU/ml) 1.25 0.46 1.23 0.35 1.25 0.56

(x 10'IU/ml)
10s IU/ml)

0.56
0.12

NI NI 0.52
0.13

NI 0.41
0.14

NI

Â°IDÂ», concentration of IFN-a or IFN-> required for 50% inhibition of the

reactions of DNA polymerases; NI, not inhibited; Pol. polymerase.
'' DNA polymerase y from calf, human, and rat tissues was not inhibited by

IFN-a

proliferative activity of IFN has been demonstrated in patients
with non-Hodgkin's lymphoma, myeloma, and more interest

ingly hairy cell leukemia (2-4). The basic mechanism involved
in the induction of antiproliferative effects of IFN remains to
be clarified. In vitro studies on cultured cell lines have shown
that IFNs elicit antiviral and antiproliferative activities by bind
ing to specific receptors on the cell surface (19-21).

The events following the binding of IFN have been studied

extensively and culminated in the stimulation of (2'-
S')oligoriboadenylate synthetase (22, 23) and protein kinase

(24). Recently Kushnaryov et al. (8) reported that murine ÃŸ-
interferon, initially located in the coated pits, are subsequently
internalized by receptor-mediated endocytosis and finally
bound to the nuclear membrane with higher affinity than to the
plasma membrane. They proposed that the high affinity binding
of IFN to the nuclear membrane suggests the nucleus as an
intracellular site of action of IFN. Likewise, MacDonald et al.
(9) reported the presence of specific high affinity nuclear recep
tors for mouse IFN--y by means of a postembedding immuno-

gold technique (9). The location of IFN in dense chromatin
suggests a possible direct nuclear role for IFN-7 molecule in
gene regulation. We have shown in this paper that IFN-a and
IFN-7 produced through recombinant DNA technique inhibit
the reactions of DNA polymerases from various sources, i.e.,
calf thymus, rat liver, and human leukemic lymphoblasts. The
mode of inhibition was competitive with respect to the template
primer, which suggests that IFNs bind to the template-binding
site of the enzyme. By using a neutralizing antibody against
IFN-a, as well as the Chromatographie studies, we were able to

Fig. 2. Competitive inhibition of DNA po
lymerase a by IFN-a (A) and IFN--y (B). Assay
of DNA polymerase Â«was performed as de
scribed in "Materials and Methods," except
that 4.8 x 10*(O), 2.4 x IO5(â€¢)and 0 (x) IU/
ml of IFN-n were added to the reaction mix
ture in A. In B, 7.5 X IO4 (O), 2.5 X IO4 (â€¢),
and 0 (x) IU/mI of IFN-y were added to the
reaction mixture. The concentration of the
template-primer, activated calf thymus DNA,
was changed as indicated.

5 10
US ( pg/ml DNA)"1
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Fig. 3. Suppression of the inhibition of DNA polymerase a (O) and ÃŸ(â€¢)by
anti-interferon antibody. An increasing concentration of anti-interferon antibody
was added to the reaction mixture as indicated on the abscissa. IFN-a was added
to the final concentration of 4 x 10s lU/ml which is potent enough to inhibit the
polymerase activity to 90%. The antiviral activity of IFN-a that remained after
neutralization by antibody was measured by the method described in Ref. 18 and
expressed as the percentage of control activity with no antibody (A). One unit of
antibody is defined as the amount that can neutralize 70 antiviral units of IFN-

show that these inhibitory effects of IFNs on DNA polymerases
derived solely from the presence of IFN itself. Furthermore, we
provide evidence that cloned IFN--y causes a greater inhibition
of DNA polymerases than IFN-a. Previous studies using highly
purified natural IFNs have demonstrated, in both mice and
humans, that IFN-7 is a more potent inhibitor of myeloid and
lymphocyte colony formation than IFN-a (25). The greater
inhibition of DNA polymerase by IFN-7 than by IFN-a could
be correlated with their cytostatic action.

It was reported previously (26) that IFN from C243 cells
binds to E. coli and yeast tRNA. Wietzerbin et al. (27) reported
that murine T-type interferon, induced by phytohemagglutinin,
binds to polyinosinate-Sepharose, suggesting that the interferon
has the polynucleotide-binding site. The binding of mouse
interferon to polynucleotide was also reported by other inves
tigators (28). It can be argued that the inhibition of DNA
polymerase by IFNs is due to the loss of template activity of
DNA which is caused by the nonspecific binding of IFN to
DNA. However, the absence of inhibition of E. coli DNA
polymerase I, T-4-infected DNA polymerase and RNA polym
erase is strong evidence against the nonspecific inhibition of
enzyme activity by the loss of the template activity by IFNs. It
has been reported previously that IFN has a definite character
istic host range or cross-species activity with regard to tumor-
inhibiting effects, rather than a species-specific activity, as had
been believed (29). In agreement with this, our results showed
that the inhibition of DNA polymerase by IFNs was not species
specific (Table 1). The present study may provide biochemical
evidence that DNA polymerase, especially DNA polymerase a,
could be a potential target of cytotoxic action of IFNs.
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