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replicative DNA synthesis and
ultraviolet-induced unscheduled DNA
synthesis in vivo in mammalian cells.”
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Abstract

In vivo in mammalian cells, ultraviolet-induced unscheduled DNA synthesis was less sen-
sitive to aphidicolin than was replicative DNA synthesis. Replicative DNA synthesis in HeLa,
HEp-2, WI-38 VA-13 and CV-1 cells was inhibited more than 97% by aphidicolin at 10 micro-
grams/ml, whereas aphidicolin inhibition of DNA synthesis in ultraviolet-irradiated cells varied
between 30% and 90% depending on cell types and assay conditions. Aphidicolin inhibition of
unscheduled DNA synthesis (UDS) in HeLa cells increased gradually with increasing aphidicolin
concentration and reached approximately 90% at 100 micrograms/ml aphidicolin. A significant
fraction of UDS in ultraviolet-irradiated HEp-2 cells was resistant to aphidicolin even at 300 mi-
crograms/ml. Considered along with related information reported previously, the present results
suggest that both aphidicolin-sensitive and insensitive DNA polymerases, DNA polymerase alpha
and a non-alpha DNA polymerase (possibly DNA polymerase beta), are involved in in situ UDS
in these ultraviolet-irradiated cells. Comparison of staphylococcal nuclease sensitivity between
DNAs repaired in the presence and in the absence of aphidicolin in HEp-2 cells suggested that the
involvement of DNA polymerase alpha in UDS favored DNA synthesis in the intranucleosomal
region.
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DIFFERENTIAL SENSITIVITY TO APHIDICOLIN OF REP-
LICATIVE DNA SYNTHESIS AND ULTRAVIOLET-
INDUCED UNSCHEDULED DNA SYNTHESIS
IN VIVO IN MAMMALIAN CELLS
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Recetved Jonuary 9, 1984

Abstract. In vivo in mammalian cells, ultraviolet-induced unscheduled DNA
synthesis was less sensitive to aphidicolin than was replicative DNA synthesis. Rep-
licative DNA  synthesis in HeLa, HEp-2, WI-38 VA-13 and CV-1 cells was inhibited
more than 97 % by aphidicolin at 10 s g/ml, whereas aphidicolin inhibition of DNA
synthesis in ultraviolet-irradiated cells varied between 30 % and 90 % depending
on cell types and assay conditions. ~Aphidicolin inhibition of unscheduled DNA
synthesis (UDS) in HeLa cells increased gradually with increasing aphidicolin concen-
tration and reached approximately 90 % at 100 ug/ml aphidicolin. A significant
fraction of UDS in ultraviolet-irradiated HEp-2 cells was resistant to aphidicolin even
at 300 ug/ml. Considered along with related information reported previously, the
present results suggest that both aphidicolin-sensitive and insensitive DNA polyme-
rases, DNA polymerase a and a non-a DNA polymerase (possibly DNA polymerase
A), are involved in in situ UDS in these ultraviolet-irradiated cells. Comparison
of staphylococcal nuclease sensitivity between DNAs repaired in the presence and
in the absence of aphidicolin in HEp-2 cells suggested that the involvement of DNA
polymerase a in UDS favored DNA synthesis in the intranucleosomal region.

Key words : unscheduled DNA synthesis (mammalian cells), DNA polymerase,
aphidicolin, ultraviolet irradiation.

Aphidicolin has been shown to be a specific inhibitor of DNA polymerase
a without effect on DNA polymerase 3 or v (1, 2). Ample evidence shows that
DNA polymerase a is the sole target for aphidicolin not only w witro but also
in vivo (1).  Since DNA replication is highly sensitive to aphidicolin, DNA polyme-
rase « is considered to be the major polymerase required for DNA replication.
The application of aphidicolin for studying DNA polymerase involved in DNA
repair replication or unscheduled DNA synthesis (UDS) has provided conflicting
results. Some studies implicated DNA polymerase a and others DNA polymerase
A in UDS, as discussed in a previous paper (3). Involvement of both DNA
polymerases & and 3 in UDS was also suggested recently (3-7). Differences in
sensitivity to aphidicolin between UDS and replicative DNA synthesis were shown
in previous reports (8-10) in which the involvement of DNA polymerase « in
UDS was claimed, but the differences have not been studied in detail.
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Comparative study of aphidicolin sensitivity between UDS and replicative
DNA synthesis, whose principal polymerase is known to be DNA polymerase
a, should provide important information on repair polymerase. In the present
paper aphidicolin sensitivity of ultraviolet (UV)-induced UDS in mammalian cells
was compared with that of replicative DNA synthesis.

MATERIALS AND METHODS

The reagents used were obtained as described previously (3). HeLa-S3, HEp-2, WI-38
VA-13, CV-1 and XC cells were obtained and cultured as described previously (5).

Assay of DNA synthetic activity in intact cells. DNA synthesis in intact cells was measured
as described previously (3). In brief, cells were cultured in 100-mm diameter plastic dishes.
After removing culture medium, a half of cultures was irradiated with 50 J/m? UV at room
temperature. Irradiated and non-irradiated control cultures were harvested by trypsinization.
Cells were washed once with fresh culture medium and suspended in fresh culture medium,
and then distributed into assay tubes at 1 X 10% cells per tube. Aphidicolin dissolved in
dimethylsulfoxide (DMSO) was added in a volume of 0.0l ml. An equal volume of DMSO
was added to control tubes for aphidicolin reactions. When added, the concentration of
hydroxyurea was 10 mM. The final volume was adjusted to 0.6 ml per tube with fresh culture
medium. The suspension was incubated at 37 C for 30 min, and then 1xCi (*H]dThd
(5 Ci/mmol, Amersham) was added. The incubation was continued for 4 h.  After the labeling
period, the tubes were rapidly chilled at 0C and centrifuged at 1,000 xg for 10 min. The
precipitated cells were suspended in 0.6 ml of a hypotonic buffer (10 mM Tris-HCl, 4 mM
MgCl, and 1 mM EDTA, pH 8.0). The radioactivity incorporated into acid insoluble materials
was measured by a disc method (11).

Assay of repair synthesis in permeable cells. UV-irradiated cells suspended at 1 X 10° cells
per 0.6 ml in fresh culture medium were incubated with 10 mM hydroxyurea at 37 C for
1h. Then, the cells were permeabilized with Triton-buffer B (0.0175 % Triton X-100, 0.25 M
sucrose, 10 mM Tris-HCI, 4 mM MgCl, and 1 mM EDTA, pH 8.0), as described previously
(5). DNA synthesis in permeable cells was assayed in a mixture with a final volume of 0.6 ml
containing 1 X 10¢ cells, 0.0117 % Triton X-100, 0.167 M sucrose, 0.67 mM EDTA, 40 mM
Tris-HCI, 5 mM MgCl,, 0.08 M NaCl, 50 uM dATP, 10 4M dCTP, 50 uM dGTP and 2.5
uM [FH)ATTP (5Ci/mmol), pH 8.0. The mixture was incubated at 37 C for 30 min.
Inhibition tests were performed as described previously (5).

Preparation for autoradiographical examination. Cells were cultured on coverslips in 50 mm-
diameter plastic dishes for 3 days. Culture medium was removed. A half of the cultures was
irradiated with 50 J/m? UV. Fresh culture medium was added to the irradiated and non-
irradiated control cultures. Aphidicolin and hydroxyurea were added as described above.
The final volume was adjusted to 2 ml per dish with fresh culture medium. The dishes were
cultured at 37 C for 30 min, and then 10 xCi [*H)dThd (21 Ci/mmol ) was added. The
cultivation was continued for 4 h. After the labeling period, cells were fixed for 10 min
with ethanol : glacial acetic acid (3 : 1). Autoradiography was conducted as described
previously (11).
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RESULTS

Biochemical and autoradiographical studies showed that UV irradiation mark-
edly suppressed replicative DNA synthesis and induced UDS in almost all cells
(Table 1, Figs. le and 2e). Cells having uncountable or numerous grains (shown
in the columns of “UC” in Figs. 1 and 2) were thought to be in S-phase. Repli-
cative DNA synthesis in non-irradiated control cells (shown in “Control ”lines
in Table 1, in Figs. la-d and in Figs. 2a-d) was mostly inhibited by 10 mM hydro-
xyurea, whereas DNA synthesis in UV-irradiated cells (shown in “UV”’ lines in
Table 1, in Figs. le-h and Figs. 2e-h) was resistant to hydroxyurea, as reported
previously (12).

TapLe 1. REPRESENTATIVE DaTA OF DNA synTHESIS IN UV-IRRADIATED OR NONIRRADIATED CELLS

MEASURED WITH OR WITHOUT HYDROXYUREA AND APHIDICOLIN

(*H}dThd incorporated (cpm/10° cells/4 h)

Cells Condition DMSO Aphidicolin Hydroxyurea

DMSO Aphidicolin

HeLa uv 14727 4990 11923 1818
Control 93503 1909 1877 478
UV-dependent 10046 1340
HEp-2 uv 6646 3224 7123 4305
Control 61842 1349 2255 593
UV-dependent 4868 3712
WI-38 VA-13 uv 2366 1139 2063 366
Control 18045 383 531 112
UV-dependent 1532 254
CV-1 uv 3047 976 5809 668
Control 21728 539 610 154
UV-dependent 5199 514
XC uv 16181 3365 2887 1041
Control 53338 3246 1382 475
UV-dependent 1505 566

Aphidicolin dissolved in DMSO was added to the assay mixture at 10 yg/ml in a volume of
0.0l ml. An equal volume of DMSO was added to the control tubes. UV-dependent DNA
synthesis was calculated by subtracting replicative DNA synthesis (shown in Control lines) mea-
sured under the presence of hydroxyurea from DNA synthesis in UV-irradiated cells (shown
in UV lines). Each datum shows the mean value of duplicate determinations.

Replicative DNA synthesis in control cells was mostly (up to 98 %) inhibited
by aphidicolin at 10 gg/ml (Table 2). Aphidicolin sensitivity of DNA synthesis
in UV-irradiated cells varied depending on cell type and on whether hydroxyurea
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Figs. 1 and 2. Autoradiographic demonstration of UV-induced UDS in Hela (Fig. 1)and
HEp-2 (Fig. 2) cells. Cells cultured on coverslips were divided into 2 groups, ore for nonirradiated
control cells (a, b, ¢, d) and the other for UV-irradiated cells (e, f, g, h). Nonirradiated and UV-
irradiated cells were incubated with no inhibitor (a, €), 10 ug,/ml aphidicolin (b, f), 10 mM hydroxyurea
(c, g), and 10 gg/ml aphidicolin and 10 mM hydroxyurea (d, h). Grains were counted in 100 nuclei
per slide. Cells having uncountable number of grains are shown in the columns of “UC”. Total grains
in 100 nuclei were : (1b) 1180, (1c) 1037, (1d) 208, (1f) 3170, (1g) 7735, (1h) 2203, (2b) 1349, (2¢)
2982, (2d) 944, (2f) 4085, (2g) 7639 and (2h) 4818.

http://escholarship.lib.okayama-u.ac.jp/amo/vol 38/iss3/3



Seki et a.: Differential sensitivity to aphidicolin of replicative DNA

DNA Polymerases in Repair DNA Synthesis 231

TaBLE 2. APHIDICOLIN-RESISTANT FRACTIONS OF REPLICATIVE DNA synTHEsis anp UDS 1N UV-r-
RADIATED CELLS

Aphidicolin-resistant DNA synthesis (%) (Mean + S.D.)

DNA synthesis in UV-irradiated cells

Cells® Replicative

DNA Without With UV-

Synthesis hydroxyurea hydroxyurea dependent?
HeLa (4) 23+03 31.8+87 17.4 + 29 15.0 + 3.3
HEp-2 (5) 2.1+0.2 47.8 + 8.7 54.6 + 3.8 69.4 + 7.5
WI-38 VA-13 (2) 22+0.1 52.7 + 4.6 202 + 2.5 20.0 + 3.4
CV-1 4) 24+ 04 30.8 +4.9 122 + 2.1 10.1 + 2.5
XC (3) 59+ 1.1 19.5 + 1.2 34.4 + 3.1 35.7 + 9.1

a) Numbers in parentheses indicate number of independent experiments each performed in duplicate.
b) UV-dependent DNA synthesis was calculated as described in Table 1.

was present or absent (Table 2). DNA synthesis measured without hydroxyurea
in UV-irradiated cells was a mixture of replicative DNA synthesis and UDS and
was less sensitive to aphidicolin than replicative DNA synthesis in the control
cells (Tables 1 and 2). Hydroxyurea-resistant DNA synthesis in UV-irradiated
cells was largely unscheduled (Figs. 1 and 2). A combination of 10 ug/ml aphi-
dicolin and 10 mM hydroxyurea inhibited most replicative DNA synthesis, whereas
reduced but significant isotope labels due to UDS were still observed in almost
all cells (Figs. 1d, 1h, 2d and 2h). To calculate aphidicolin sensitivity UDS was
roughly estimated in the following two ways. DNA synthesis measured in the
presence of 10 mM hydroxyurea in UV-irradiated cells was roughly estimated to
be UDS, or UV-dependent UDS was tentatively calculated by subtracting (*H)}-
dThd incorporated in nonirradiated cells in the presence of hydroxyurea from
(*H)dThd incorporated in UV-irradiated cells, as shown in Table 1. Since UV
irradiation inhibits replicative DNA synthesis, UDS is underestimated in UV-
dependent UDS calculated as described above. The underestimation of UDS is
minimized when replicative DNA synthesis is inhibited almost completely by hy-
droxyurea. Although replicative DNA synthesis was not inhibited completely
by 10mM hydroxyurea, the residual replicative DNA synthesis was much less
than DNA synthesis in UV-irradiated cells in the present HeLa and HEp-2 cell
experiments. Therefore, the above calculation was thought to provide a rough
estimation of UDS.  Aphidicolin resistant fractions of UDS estimated by the above
two ways showed similar values (Table 2).

Incorporation of [*H)dThd due to UDS in UV-irradiated HelLa or HEp-2
cells was apparently higher in the presence than in the absence of hydroxyurea
(Figs. le, 1g, 2e and 2g), possibly due to the increase of specific activity of (*H]
dThd as a result of the reduction in de novo synthesis of deoxythymidine nucleo-
tide in the presence of hydroxyurea (13).
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Patterns of concentration-dependent inhibition by aphidicolin were almost
the same in replicative DNA synthesis between Hella and HEp-2 cells, were
different between replicative DNA synthesis and DNA synthesis in UV-irradiated
cells, and also were different in DNA synthesis in UV-irradiated HeLa and HEp-2
cells (Figs. 3a and b). Marked differences in the inhibition rates between re-
plicative DNA synthesis and DNA synthesis in UV-irradiated cells were observed
at 1 ug/ml aphidicolin. More than 99 % of replicative DNA synthesis in both
types of cells was inhibited at 100 ug/ml aphidicolin. About 90 % of DNA
synthesis in UV-irradiated Hela cells was inhibited at the same concentration
of aphidicolin (Fig. 3). DNA synthesis in the absence of hydroxyurea in UV-
irradiated HEp-2 cells was maximally inhibited by aphidicolin at 5-20 ug/ml,
and the inhibition was approximately 50 %. Higher concentrations of aphidicolin
did not increase the inhibition. DNA synthesis in the presence of 10 mM hy-
droxyurea in UV-irradiated HEp-2 cells was maximally inhibited by aphidicolin
at 50-300 ug/ml, and the inhibition was approximately 80 %.

Effects of some selective inhibitors for DNA polymerases on UV-induced
UDS were studied further by using permeable cells prepared from UV-irradiated
HEp-2 cells (Table 3). DNA synthesis measured in permeable cells as described
in Materials and Methods was thought to be mostly unscheduled, because more
than 80 % of the DNA synthesis depended on UV-irradiation. UDS in UV-
pretreated, permeable HEp-2 cells was inhibited about 40 % by 10 ug/ml aphid-
icolin. The inhibition rate by aphidicolin was almost the same as that of UDS
measured #n vivo in UV-irradiated cells (Tables 2 and 3). UDS was slightly sen-
sitive to 20 uM 2, 3’-dideoxythymidine-5"-triphosphate (ddTTP) and highly sen-
sitive to 1 mM N-ethylmaleimide (Table 3).
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Fig. 3. Effects of increasing aphidicolin concentrations on replicative DNA synthesis and UV-
induced UDS. DNA synthesis in HeLa cells (a) and in HEp-2 cells (b) was measured as described
in Materials and Methods. Results are expressed as a percentage of the activity measured in the
absence of aphidicolin. Assays were performed in duplicate. Variation in the results for duplicate
tests was mostly less than 10 %. A, replicative DNA synthesis ; @, DNA synthesis measured without
hydroxyurea in UV-rradiated cells ; O, DNA synthesis measured with 10 mM hydroxyurea in
UV-irradiated cells.
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Tasle 3. EFFECT OF COMBINATION OF INHIBITORs ON UDS inpucen By UV-RrapiaTioN v HEp-2
CELLS AND MEASURED AFTER PERMEABILIZATION

Inhibitor uDs % activity to
(c.p.m. per inhibitor-free
ddTTP Aphidicolin N-ethylmaleimide 10¢ cells control

- - - 1910 100
+ - — 1745 91
_ n _ 1135 59
_ _ n 179 9
+ + — 1097 57
+ — + 84 4
— + + 93 5

HEp-2 cells were irradiated with UV at 50 J/m? and incubated with 10 mM hydroxyurea in
in vivo at 37 C for 1 h, and then permeabilized. DNA synthesis in permeable cells was measured
as described in Materials and Methods. 2-Mercaptoethanol was omitted. Where added (+)
the concentrations of ddTTP, aphidicolin and N-ethylmaleimide were 20 4M, 10 z#g/ml and
1 mM, respectively. Assay was performed in duplicate.
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Fig. 4. Percentage of *H-labeled, newly synthesized DNA in HEp-2 cells undigested by staphy-
lococcal nuclease after various times of incubation with the enzyme at 37 °C. DNA synthesis was
conducted and cells were labeled with (*H)dThd as described in Materials and Methods, except
that the incubation time of some samples was reduced to 2 h. Radioactivities incorporated were
66141 cpm/10° cells for replicative DNA synthesis measured for 4 h with no addition of inhibitors
(0), 8692 cpm for UV-induced UDS measured for 4 h in the presence of 10 mM hydroxyurea (&),
5041 cpm for UV-induced UDS measured for 2 h in the presence of 10 mM hydroxyurea (A), and
4476 cpm for UV-induced UDS measured for 4 h in the presence of 10 mM hydroxyurea and 10
ug/ml aphidicolin (@). [*H)dThd-incorporated cells were permeabilized and digested at 37 C for
the indicated times with 2.5 units staphylococcal nuclease, and radioactivity in acid insoluble fraction
was measured as described previously (14). Assays were performed in duplicate. Variation in the
results for duplicate tests was less than 10 %.

Produced by The Berkeley Electronic Press, 1984



Acta Medica Okayama, Vol. 38 [1984], Iss. 3, Art. 3

234 S. Sexi et al.

In the presence of 10 mM hydroxyurea in UV-irradiated HEp-2 cells, DNA
synthesized in the presence of 10 g /ml aphidicolin was more sensitive to staphy-
lococcal nuclease than was DNA synthesized in the absence of aphidicolin (Fig. 4).
The similar sensitivity difference was also observed in UDSs measured in the
presence and absence of aphidicolin in HeLa cells as reported previously (3).
The sensitivity difference was not due to the difference in amounts of DNA syn-
thesis, because no change in the nuclease sensitivity was observed when the amount
of DNA synthesized in the absence of aphidicolin in UV-irradiated cells was
reduced to the level of DNA synthesis in the presence of aphidicolin by shortening
the incubation time for DNA synthesis.

DISCUSSION

It has been shown that the inhibition of DNA polymerase a by aphidicolin
is influenced by dNTP concentrations (or pool sizes) and DNA polymerase
levels in the assay system, and that the inhibition rate is reduced by the presence
of the higher concentrations of dNTPs and DNA polymerase « (1, 15). Snyder
and Regan (16) showed that inhibition of DNA repair in human cells by aphidi-
colin was very efficient in confluent resting cells but not in rapidly cycling cells
and suggested that differences in dNTP pools between cycling and confluent
resting cells determined the different efficacies of the agent in these two situations.
A similar phenomenon was observed by some other investigators, although the
explanations of the phenomenon were not necessarily identical (9, 17-19).

We compared aphidicolin sensitivities between replicative DNA synthesis and
UV-induced UDS n vivo in some rapidly cycling mammalian cells. UV-induced
UDS was partially inhibited by aphidicolin but was less sensitive to aphidicolin
than replicative DNA synthesis in all types of cells tested. The sensitivity dif-
ference between replicative DNA synthesis (occurring in S-phase) and UDS (oc-
curring in all phases of the cell cycle) was not likely due to the differences in
dNTP pools and DNA polymerase a levels in cells, because both dNTP and
DNA polymerase a levels in cells are known to be higher in S-phase than in
G,-phase in the cell cycle (20-22), and these cells (doubling time : about 24 h
for HeLa and HEp-2 cells) were thought to be largely in either G,- or S-phase.
The above idea was also supported by the autoradiographical finding that UV-
induced UDS was less sensitive to aphidicolin than was replicative DNA synthesis
in almost all cells rather than in a limited population of them. The present results
indicate that both aphidicolin-sensitive DNA polymerase (DNA polymerase «)
and aphidicolin-resistant DNA polymerase (non-a DNA polymerase) are involved
in UV-induced UDS in mammalian cells.

Involvement of aphidicolin-resistant DNA polymerase in UV-induced UDS
was more strongly suggested in HEp-2 cells in the present experiment. DNA
synthesis in UV-irradiated HEp-2 cells was maximally inhibited by aphidicolin
at 5-10 ug /ml and reached about 50 % of activity of the aphidicolin-free control.
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No further inhibition occurred with increasing aphidicolin concentrations. Hy-
droxyurea treatment of cells increased the sensitivity to aphidicolin, as reported
previously (16).  About 80 % of UV-induced UDS in HEp-2 cells was inhibited
maximally by aphidicolin in the presence of hydroxyurea. The increase of about
30 % in the maximum inhibition rate due to the presence of hydroxyurea could
not simply be explained by the hydroxyurea effect of reducing dNTP levels, be-
cause the rate of inhibition by aphidicolin of UDS measured without hydroxyurea
did not approach 80 % with increasing concentrations of aphidicolin, which com-
petes with dNTPs. Other unknown effects of hydroxyurea on UDS (23) may
be involved in the difference.

The partial sensitivity to aphidicolin of UV-induced UDS was also shown
in permeable HEp-2 cells, in which concentrations of dNTPs and inhibitors were
manipulated easily. Characterization of the non-a DNA polymerase involved in
UV-induced UDS was tried by using the permeable cell system. UDS was highly
sensitive to 1 mM N-ethylmaleimide which preferentially inhibits DNA polymerases
« and y, and was slightly sensitive to 20 uM ddTTP which preferentially inhibits
DNA polymerases 4 and y. Although the result confirmed the involvement
of DNA polymerase a in UV-induced UDS, involvement of either DNA polymerase
S or y was not clearly demonstrated. A few previous reports suggested the
involvement of both DNA polymerases &« and S in UDS (3-7). Among them
Dresler and Lieberman (7) reported the similar high sensitivity to N-ethylmaleimide
of UV-induced UDS, as we reported in the present paper, and suggested that a
N-ethylmaleimide sensitive factor was involved in polymerase 3-mediated repair
synthesis. Although further studies are required to ascertain DNA polymerase
A as the non-a DNA polymerase involved in UV-induced UDS, it is possible
that both DNA polymerases a and /3 are involved cooperatively in UV-induced
UDS, as suggested in bleomycin-induced UDS (5).

To clarify further the involvement of both DNA polymerases « and £ in
UDS, it is important to know their functional difference and possible cooperation
in UDS. The finding that DNA synthesized in UV-irradiated HEp-2 cells in
the absence of aphidicolin was more resistant to staphylococcal nuclease than
that in the presence of aphidicolin suggested that DNA repair synthesis in the
intranucleosomal region occurred more easily with than without involvement of
DNA polymerase a in UDS.
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