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SUMMARY

The effect of relatively nontoxic levels of HgCl. on semiconser-
vative DNA synthesis and on DNA repair induced following
treatment of intact cells with X-ray or ultraviolet (UV) light has
been studied in cultured Chinese hamster ovary cells. In the
presence of 1 um HQCl, the repair of DNA strand breaks induced
by 450 rads of X-rays was reduced by 37%. If a treatment of
2.5 um HgCl, was given to cells for only 15 min prior to a 450-
rad irradiation, the rate of repair was reduced even further with
only 25% of the breaks being repaired in the first hour following
irradiation. When comparable treatments of HgCl. were given to
Chinese hamster ovary cells in conjunction with UV irradiation
there was no significant effect on either the number of initial
strand scission events or the retum to high molecular weight
DNA following completion of repair. Only after exposure of cells
to toxic levels of Hg(ll) (higher concentrations or longer treat-

ments) was there measurable inhibition of UV-induced repair as
evidenced by a reduced rate of ligation of DNA to a high molec-
ular weight form. Inhibition of the endonuclease step of UV repair
was not observed since Hg(ll)-treated cells exhibited the same
level of strand scisson immediately following UV as cells not
treated with Hg(ll). The observed differences in the effects of
Hg(ll) on two pathways for DNA repair indicate that the potential
for synergistic action between Hgyll) and other DNA damaging
agents will be determined in part by the repair pathways induced
by each agent. Additionally, it was found that inhibition of semi-
conservative synthesis also occurs at low concentrations of
HgCl. similar to those affecting X-ray-induced repair. The pres-
ence of Hg-DNA adducts in the DNA at these concentrations
may cause a reduction in normal replication to facilitate DNA

repair.

Numerous metal ions have been clearly established as carcin-
ogens either in animal studies, e.g., cadmium and lead, or by
human epidemiological studies, e.g., chromium and nickel (1).
In contrast to these studies in which the metal compound is
thought to act as an initiator in the process of cellular trans-
formation and carcinogenesis, other studies suggest a co-carci-
nogenic role for metal compounds. Examination of the inci-
dence of lung cancer in metal refinery workers has suggested
that nickel may act synergistically with polycyclic aromatic
hydrocarbons in the production of respiratory carcinogenesis
(2-4). Synergistic activity of nickel as well as cadmium and
chromium has been demonstrated when given in combination
with benz(a)pyrene yielding an enhanced frequency of cellular
transformation. In an in vitro assay using primary Syrian
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hamster embryo cells, the synergistic response occurred at
concentrations of metal compounds producing little or no tox-
icity or cell transformation when given alone (5, 6).

An effect on the rate or fidelity of DNA polymerization is a
plausible target for metal action, and a correlation has been
shown between carcinogenic metals and their ability to alter
the fidelity of various DNA and RNA polymerases in test
systems using purified enzymes (7, 8). The observed effect of
metals on polymerase action suggests that metal ions may
enhance the potency of carcinogens by alteration of cellular
processes directly or indirectly involved in DNA repair. An
alteration in the rate of repair of DNA damage produced by
carcinogens may be sufficient to produce an enhanced rate of
transformation. If metals prolong the time that strand breaks
remain in the DNA following X-ray damage or endonuclease
cleavage in the excision repair of UV-induced DNA damage,
DNA recombinations may occur and lead to chromosomal
rearrangements which have been associated with neoplasia.

In contrast to metals of known carcinogenic potential such
as nickel and chromium, there is little evidence to suggest a

ABBREVIATIONS: CHO cells, Chinese hamster ovary cells; Hepes, 4{(2-hydroxyethyl)-1-piperazineethanesutfonic acid; SSF, strand scission factor;

RF, rejoining factor; araC, arabinosylicytosine; HU, hydroxyurea.
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mutagenic or carcinogenic role for inorganic mercury (1, 9, 10).
The absence of these genotoxic responses appears inconsistent
with observations of DNA damage following exposure to inor-
ganic mercury. In studies using cultured CHO cells we have
previously shown that inorganic mercury produces single strand
breaks and DNA/DNA crosslinks at concentrations that also
cause cell lethality (11). In contrast to the DNA damage ob-
served at relatively high concentrations, nontoxic levels of
HgCl; did not produce measurable levels of strand scission but
have been shown to reduce the rate of repair of single strand
breaks induced by X-rays (12). The observed effect of Hg(II)
on one pathway for DNA repair has prompted further study to
examine the effect of HgCl. on the repair of UV-induced lesions
as well as on semiconservative synthesis of DNA.

The repair of X-ray-induced damage is generally considered
to occur by a different pathway than repair of UV-induced
pyrimidine dimers (13, 14). Three mammalian DNA polymer-
ases have been described, and polymerase o has been implicated
as the principal polymerase for normal replication (15) as well
as being the polymerase involved in the repair of DNA lesions
induced by UV and certain alkylating agents (16, 17). Poly-
merase B is considered responsible for repair of X-ray-induced
strand breaks as well as being involved in the repair of UV-
induced lesions (16-18). By analyzing the effects of Hg(II) on
DNA replication and repair, we have found that these param-
eters are in general a more sensitive indicator of Hg(II) toxicity
than are other responses associated with metal toxicity such as
DNA damage and depletion of reduced glutathione levels.

Materials and Methods

Cell culture techniques. The AA8 CHO cell line used in this study
has been characterized as competent for excision repair induced by UV
light (19). Cell maintenance and growth experiments were performed
using a-minimal essential medium or McCoy’s 5a medium containing
1% antibiotic-antimycotic mixture (Gibco, Inc., Grand Island, NY) and
10% fetal bovine serum (Gibco) that had been heat-inactivated at 56°
for 30 min. Cultures were grown as monolayers in an atmosphere of
95% air and 5% CO,. In some cases cells were treated with HgCl, in a
salts/glucose medium [Hepes buffer (50 mM at pH 7.2 containing 100
mM NaCl), KCI (5 mm), CaCl, (2 mM), and glucose (5 mM)] to achieve
more consistency in the extent of Hg(II) uptake than was possible in
the presence of serum or amino acid components of medium (20).

Alkaline elution. The alkaline elution technique for analysis of
DNA strand breaks was performed with minor modifications as previ-
ously described (11, 21). Following treatment, cells were removed with
trypsin, and an aliquot containing 8.5 X 10° cells was diluted to 10 ml
with ice-cold Puck’s saline A (4 mM NaHCO;, 5 mM glucose, 5 mMm
KCl, and 140 mM NaCl, pH 7.2) and deposited onto 25-mm polycar-
bonate filters (2 um pore size). Filters were rinsed with 10 ml of saline
A, and the cells were lysed directly on the filters by passage of 5 ml of
2% sodium dodecyl sulfate containing 0.025 M ethylenediaminetetra-
acetate at pH 10.1. The DNA was eluted from the filter by slowly
pumping (0.035 ml min™') a solution (25 ml) containing 0.02 M ethyl-
enediaminetetraacetate (free acid) plus 2% (final concentration) tet-
rapropylammonium hydroxide, pH 12.1. Fractions were collected at 90-
min intervals. Following the completion of the elution procedure, the
filters were digested for 1 hr at 60° in 1 N HCI and counted in 10 ml of
Scintiverse II. The variability in the determination of the DNA fraction
eluted was typically <0.06.

To quantitate the extent of DNA single strand breaks, the SSF was
calculated from the alkaline elution patterns utilizing the following
relationship: SSF = log f4/fs, where f4 is the amount of DNA retained
in the sixth fraction of the untreated sample and fp is DNA retained in
the sixth fraction of the treated samples. The rejoining factor (RF) was

calculated as the log (f,/fo) where f, is the DNA retained in fraction 6
at zero time after the pulse for untreated cells, and f, is the DNA
retained in fraction 6 at a given time after the pulse for cells that are
either treated or untreated during the time interval for rejoining. The
values for SSF and RF cannot be compared directly since two different
processes are being monitored: production of strand breaks in template
DNA and interruption of synthesis of newly formed strands. The choice
of the sixth fraction collected after 7.5 hr of elution is somewhat
arbitrary but does reduce the influence of the dead volume effect in the
first fraction and avoids the poor statistics at the very low proportions
of DNA retained in later fractions.

Assay of DNA synthesis. Normal replicative DNA synthesis was
monitored by the incorporation of [*H]thymidine into DNA. After
exposure of cells to radiolabel, cells were trypsinized, washed with
saline A, and treated with 10% trichloroacetic acid to precipitate the
DNA. The precipitates were collected on 0.45-um filters (Millipore
Corp., Bedford, MA), and the radioactivity present on each filter was
determined.

Results

The cytotoxic response of cultured CHO cells to HgCl, has
been shown to involve a sequential pathway of lowered levels
of reduced glutathione, increased intracellular levels of oxygen
radicals, and the production of DNA strand breaks and DNA/
DNA crosslinks (11, 22-23). At concentrations lower than those
required to produce any of the above effects, Hg(II) ions have
been shown to inhibit repair of strand breaks induced by X-
rays (12, 24). This cellular response has been further charac-
terized by examining the repair of strand breaks following 450
rads of X-rays in the presence of 1.0 uM and 2.5 uM HgCl; in a
salts/glucose medium (Fig. 1). In the absence of HgCl,, the
strand breaks have been essentially removed (~96% restora-
tion) in 1 hr whereas restoration of high molecular weight DNA
is 63% at 1 uM and only 28% in 2.5 uM HgCl,. During the 2.5
uM HgCl, treatment, strand break repair seemed to reach a
plateau after 30 min of exposure. DNA strand scission was
minimal at 2.5 uM HgCl, (SSF =< 0.03) and thus was not
expected to be a contributing factor in the level of breaks
retained during the time allocated for repair (22).2 The repair
of strand breaks induced by X-rays continued in the presence
of 1 uM HgCl, but the rate of repair was continually reduced
with time. The effect of Hg(II) on X-ray-induced repair was
examined further by pretreating monolayers of CHO cells with
2.5 or 5 uM HgCl, 15 min before irradiation and then permitting
repair to take place in complete medium not containing the
metal salt (Fig. 2). This brief treatment at 2.5 um HgCl,
produced a slight increase in the initial levels of X-ray-induced
strand scission, presumably because Hg(II) entered cells
quickly and inhibited DNA polymerization, whereas in the
absence of Hg(II) some repair of X-ray-induced strand breaks
occurred prior to cell lysis. Strand break repair in the presence
of 2.5 uM HgCl, was significantly slower than in normal me-
dium. The elevated initial level of strand scission in the cells
treated with 5 uM HgCl, treatment over the level in cells treated
with X-rays alone, as well as the continued increase in breaks
with time, suggested both additivity of strand scission events
for the two agents and inhibition of the repair of breaks induced
by both agents. This was consistent with previous findings in
which strand scission increased for 1 hr after removal of HgCl,

20Q. Cantoni, N. T. Christie, S. H. Robison, and M. Costa, unpublished
observations.
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Fig. 1. The effect of HgCl, on the repair of X-ray-induced strand breaks.
CHO celis were irradiated with 450 rads and allowed varying periods of
time for repair at room temperature in saits/glucose medium containing
no HgCl, (@——@), 1 um HgCl. @——), or 2.5 um HGCl, (A—A).
DNA strand breaks were detected by alkaline elution. From SSF values
calculated as described in Materials and Methods, the DNA fraction
rejoined was calculated as the ratio of the change in strand scission with
time to the total strand scission produced by 450 rads at t,, e.g., [(SSF)
— (SSF)]J/(SSF),. Total initial strand scission is represented by (SSF),
and strand scission at any later time for any treatment is given by (SSF),.
The value of (SSF), was 0.65 + 0.03. The data of Fig. 1 are averages of
two determinations but comparable resuits were found in three other
experiments.

1.1 /

1.0

STRAND SCISSION FACTOR

Fig. 2. The effect of preincubation with HgCl. on the repair of X-ray-
induced strand breaks. CHO cells were preincubated at room tempera-
ture for 15 min in salts/glucose medium containing no HgCl, (0——@),
2.5 um HgCl, (A——A), or 5 um HgCl, (—1). Alkaline elution was
performed and an SSF was calculated as described in Materials and
Methods. The bars at the bottom of the figure indicate the time for metal
treatment when present.

if the initial treatment was high enough to produce measurable
levels of oxygen radicals (22, 23).

The effect of Hg(II) on semiconservative synthesis was also
examined. Alteration in the normal replicative function of DNA
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polymerase « may result from DNA damage, from direct effects
of HgCl; on the enzyme, or from indirect effects by interference
with critical ions needed for polymerization, e.g., Mg(II). Assays
for replication were performed for time periods of 15 min and
1 hr of HgCl; treatment followed by 1 hr to allow incorporation
of °H-thymidine as a quantitative estimate of synthetic activity
(Fig. 3). At 1 uM HgCl; for 1 hr, the level of synthesis was 15%
of untreated cultures which represented a level of inhibition
that was considerably greater than that observed for Hg(II)
inhibition of X-ray-induced repair (67%, Fig. 1). A 15-min
treatment of 2.5 uM HgCl, reduced semiconservative synthesis
to 11% of that for untreated cells. A similar Hg(II) pretreatment
reduced the amount of X-ray repair occurring in 1 hr to ~30%
compared to ~85% for cells receiving X-rays without Hg(II)
pretreatment, as measured by a ratio of the SSF at the begin-
ning and the end of the repair period (Fig. 2). Thus, at concen-
trations of 1.0 and 2.5 um HgCl; normal replication appeared
more sensitive than repair synthesis.

An additional measure of Hg(II) effects on semiconservative
synthesis was also utilized and involved a pulse of *H-thymidine
20 min before the addition of varying concentrations of HgCl,
in a salts/glucose medium (Fig. 4). During a brief labeling
period, Okasaki fragments of low molecular weight will be
synthesized and gradually converted to high molecular weight
DNA by progressive synthesis and ligation (25). The strand
breaks observed by this labeling method are only in newly
synthesized DNA rather than in template DNA as monitored
in Figs. 1 and 2. In Fig. 4A it can be seen that treatment with
0.5 uM HgCl; reduced the rate of this process to 88% compared
to untreated cells, whereas 2.5 uM HgCl, reduced it to 27%.
When a concentration of 1 uM HgCl; was used and the relative
increase in size was monitored at regular time intervals, the
increase in DNA size was reduced with time of exposure to
Hg(II) at a steady rate for the first 15 min after which no
further increase in the inhibitory response was observed (Fig.
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Fig. 3. The effect of HgCl. on normal replicative DNA synthesis. Mono-
layers of CHO cells were treated with HgCl, in salts/glucose medium for
15 min (O) or 1 hr (@) before addition of McCoy’s medium containing *H-
thymidine (1 xCi/mi) for 1 hr. The total amount of DNA synthesis was
determined as described in Materials and Methods.
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Fig. 4. The effect of HgCl, on the rate of joining of newly synthesized
DNA fragments during semiconservative synthesis. CHO cells were given
a 20-min pulse of *H-thymidine (20 uCi/ml) (A) before addition of HgCl,
at varying concentrations for 1 hr or (B) before addition of 1 um HgCl>
for varying periods of time. In each series the HgCl, was administered
to cells in a salts/glucose medium. Some cell sampies received the 20-
min pulse without an addition of HgCl. to determine the maximum extent
of rejoining for all time periods examined. The relative increase in DNA
size was the ratio of the RF values for treated cells to that of untreated
cells. Calculation of RF is given in Materials and Methods. The average
RF for 1 hr for untreated cells is 0.51 + 0.04.

4B). This implies saturation of some site of action. While this
site may be the polymerase, it may also be initiation sites in
DNA since the formation of Hg-DNA adducts occurred at low
doses (4).

The extreme sensitivity to Hg(II) of semiconservative syn-
thesis and DNA repair of strand breaks after X-irradiation
prompted our investigation of Hg(II) effects on the repair of
pyrimidine dimers produced by UV light. The same concentra-
tions reducing X-ray repair (1, 2.5, and 5 uM HgCl,) were used
to test for possible inhibition of UV-induced repair. Fig. 5
shows the effect of 5 uM HgCl; in a salts/glucose medium added
to monolayers of CHO cells 15 min before irradiation. After
UV irradiation a 30-min period in salts/glucose was given
during which strand scission occurred near pyrimidine dimers
by a specific endonuclease as a first step in the removal of
dimers. The maximum amount of observable strand scission
was determined by the addition of 10 uM araC and 2 mMm HU
during the 15 min before and the 30 min after irradiation. The
SSF for this maximum estimate of breaks was 0.84, whereas
the SSF for cells receiving only UV light was 0.48, indicating
that excision of some dimers had occurred during the repair
period and was followed by polymerization and ligation. The
addition of 5 uM HgCl, 15 min before UV irradiation had
essentially no effect on the restoration of DNA to a higher
molecular weight form. The lower concentrations also had no
effect. Thus, these Hg(II) treatments did not appear to inhibit
the polymerase or ligase steps to a significant degree. Since the
Hg(II)-treated cells exhibited a level of strand scission that was
similar to that of the treated cells, inhibition of the endonucle-
ase step by Hg(II) was not apparent.

It is known that in the first 30 min-1 hr after UV irradiation
there is a rapid generation of breaks; however, complete re-

moval of all damaged regions of DNA and subsequent resyn-
thesis occurs over many hours (26). We therefore examined a
longer period for repair to determine whether inhibition could
be measured. The effect of HgCl, on UV repair was determined
for 1- and 3-hr time intervals in medium containing serum.
Higher levels of HgCl, were utilized in complete medium so
that comparable intracellular levels would be reached in the
presence of serum (20). In Table 1 are the average SSFs
obtained from several of these experiments and for several
concentrations of HgCl, for the two time periods. Even after
these longer periods for repair in the presence of Hg(II) there
was no significant inhibition of UV repair. When a relatively
high concentration of HgCl; was used, 150 uM for 1 hr, there
was a significant increase in the SSF, but this increase can be
attributed to direct breakage of DNA by Hg(II) (22, 23). The
toxicity of this latter treatment was sufficient to inhibit growth
of CHO cells by 50%, whereas 25 uM reduced growth by
approximately 10% (11).

Discussion

A major manifestation of Hg(II) toxicity in cultured CHO
cells was the production of DNA strand breaks after periods of
exposure as short as 15 min (23). The cellular uptake of Hg(II)
ions was quite rapid, possibly due to the formation of uncharged
and negatively charged ion complexes with chloride that may
facilitate passage of the metal through the plasma membrane.
High intracellular levels of Hg(II) led to a reduction of gluta-
thione levels and an increase in oxygen radicals, followed by
production of DNA strand scission (11, 22, 23). The major burst
of oxygen radicals occurred between 5 and 25 uM for a 30-min
exposure in a balanced salts solution and coincided with obser-
vations of DNA strand scission (23). The cellular response for
treatment at concentrations of HgCl, below those required to
produce a significant elevation of oxygen radicals was more
difficult to interpret. DNA repair in cultured CHO cells was
induced at very low concentrations of HgCl,, but the total
repair activity was quite small relative to other metals such as
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Fig. 5. The effect of Hg(ll) on the rejoining of strand breaks. Several
different treatments in salts/glucose were administered to CHO mono-
layers 15 min before UV irradiation of 5 J/M% @, no treatment; O, UV
only, A, 5 um HgCl; and UV; A, araC, HU, and UV, in which araC and
HU were given 15 min before and after the irradiation. After irradiation
each culture sample was allowed 30 min in salts/glucose without the
above additives.
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TABLE 1
The effect of HgCl. on the repair of UV-induced pyrimidine dimers
wl
Treatment Repair time after UV®
1h 3

uv 0.5 0.39

UV+ 15umHg 0.58 0.36

UV + 25umHg 0.46 0.33

UV + 50 um Hg 0.57 0.46

UV + 150 um Hg 0.7

* The strand scission factor was calculated as indicated in Materials and Meth-
ods. Each value is an average of two to four determinations and the variation range
is from 0.01 to 0.06.

® After UV radiation of CHO cell monolayers at a fluence of 5 J/m?, a-MEM
medium with or without HgCl, was applied for the times indicated before harvesting
cells for alkaline elution.

CaCrO, (27). There was an apparent contradiction between
this result and the finding that repair of X-ray-induced damage
was inhibited at concentrations of Hg(II) that induced repair
synthesis as measured by the CsCl density shift method. The
repair synthesis observed following Hg(II) treatment of CHO
cells indicated that Hg(II)-induced DNA damage was capable
of stimulating DNA repair but only to a limited extent. This
may indicate either that Hg(II) ions have an inhibitory effect
on DNA repair or that the amount of DNA synthesis, i.e., the
number of nucleotides, required to repair Hg-induced lesions is
very small as it is for repair of strand breaks induced by X-
rays. The inhibitory effect of Hg(II) on DNA repair at low
concentrations appeared to be a reduction in the rate of repair
but was only a temporary block of repair since most cells
recovered from the Hg(II) treatments that produced this re-
sponse.

Single strand breaks following Hg(II) treatment alone are
believed to be caused by the production of oxygen radicals only
after the level of glutathione has been reduced (22, 23). A more
plausible lesion leading to stimulation of DNA repair may be
the Hg-DNA adduct. Prior measurements of Hg-DNA com-
plexes formed in cultured CHO cells showed significant levels
of these complexes after 15 min of treatment with 1 uM HgCl,
in a salts/glucose medium (23). At this concentration, no strand
breaks could be detected by the alkaline elution method. The
inhibition of repair of one type of lesion by the activation of a
DNA repair system with a different pathway has been reported;
the inactivation of nucleotide excision repair has been observed
in CHO cells by exposure to an alkylating agent (28). In
addition, several investigations have indicated that excision
repair may inhibit semiconservative synthesis (29); thus, it is
possible that repair of Hg-DNA adducts might have a similar
effect.

Thus, there are at least two feasible mechanisms by which
Hg(II) could inhibit DNA repair, either by interference between
two DNA repair systems or by a more direct effect on repair
enzymes. These mechanisms suggest two important sites of
interaction by which Hg ions at low nontoxic concentrations
could reduce the rate of DNA repair: the DNA molecule itself
or the DNA repair enzymes. There is evidence for interaction
with DNA at these low concentrations and Hg-DNA adducts
have been demonstrated at concentrations causing inhibition
of DNA strand break repair following X-rays (23). The failure
of Hg(II) to inhibit repair of UV-induced DNA damage as
effectively as araC and HU suggests that Hg(II) at low concen-
trations probably does not have a direct effect on DNA synthe-
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sis, at least that which is involved in UV repair. Since both «
and 8 DNA polymerases are postulated to act during UV-
induced repair of DNA (30-32), a direct effect of Hg(II) on
both of these enzymes seems improbable. Although it is possible
that a DNA polymerase other than a or g is involved in UV-
induced repair, another possibility is equally feasible to explain
the dramatic effect of nontoxic levels of Hg(II) on both X-ray-
induced DNA repair and semiconservative synthesis in the
absence of a similar inhibition of UV-induced repair. The
extreme Hg(II) sensitivity of semiconservative DNA synthesis
which is performed by DNA polymerase « may be related to
the presence of Hg-DNA adducts since the presence of any
lesion in DNA may create a temporary pause in normal repli-
cation to allow mobilization of DNA repair systems. The Hg(II)
sensitivity of X-ray-induced repair may also be due to the
presence of Hg-DNA adducts, especially if these two types of
damage are repaired by the same pathway. The lack of Hg(II)
sensitivity of UV-induced DNA repair under the conditions
tested is consistent with the current idea that the repair path-
ways for UV and X-rays are functionally distinct (29, 30).
Complete repair of X-ray-induced strand breaks can be ex-
tremely rapid (<10 min) and involves only a few nucleotides
(<10), whereas complete repair of UV-induced thymine dimers
can be very slow (48 hr or longer) and may involve nuclease
excision and resynthesis of DNA stretches of 100 or more
nucleotides (28, 29). Although Hg(II) ions inhibited UV-in-
duced repair when given at higher concentrations or for longer
times, these conditions produce toxicity and thus are not rele-
vant as a comparison to the inhibition of X-ray-induced repair
at nontoxic levels. It is also possible that Hg(II) may be more
effective at inhibition of X-ray-induced repair because of a
mechanism unrelated to DNA repair; X-rays cause depletion
of glutathione and may thereby sensitize the cell to the cyto-
toxic effects of Hg(II).
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