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The mechanism of cytotoxicity of
methylmercury: Inhibition of progression
through the S phase of the cell cycle
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The effect of methylmercury (MeHg) on progres-
sion of the murine erythroleukemic cell (MELC)
through the cell cycle was analyzed by flow cyto-
metry (FCM). Exposure in  vitro to
5.0-10.0 pmol dm > MeHg for 6 h resulted in a
dose-dependent decrease in the rate of cell replica-
tion, apparently as a result of inhibition of DNA
synthesis (rate of passage through the S phase of
the cell cycle). Thus, only a modest accumulation
of cells with a G,/M (4n) DNA content was
observed. At or above 10 pmol dm > MeHg, pro-
gression through all phases of the cell cycle was
blocked. FCM revealed a dose-dependent increase
in cellular refractive index (90° light scatter),
decrease in apparent cell volume (axial light loss),
and increase in resistance to non-ionic detergent
(NP-40)-mediated cytolysis indicative of fixation
(protein denaturation, cross-linking, etc.) of the
plasma membrane/cytoplasm complex. The data
indicate DNA synthesis as the primary target of

MeHg cytotoxicity.
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synthesis, murine erythroleukemic cell

INTRODUCTION

Methylmercury (MeHg), a uniquitous contami-
nant of the aqueous environment,' is a potent
neurotoxin and teratogen.”” Apparently, the
mechanism of MeHg cytotoxicity is complex. It
has been reported that MeHg inhibits mitosis
and/or decreases the rate of the cell cycle. Mitotic
arrest appears to result from inhibition of micro-
tubule assembly,*® while decreased cycling rate
has been attributed to lengthening of the duration
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of the G, phase of the cell cycle as a consequence
of inhibition of protein synthesis.'” Whether the
duration of other pre-mitotic phases of the cell
cycle is altered is not clear. However, it has been
observed that MeHg inhibits DNA, RNA, and

protein  synthesis,>!! interacts with the
cytoskeleton,® > alters the properties of
biomembranes,>>" and disrupt axoplasmic
transport.'®

By flow cytometry (FCM), we have observed
that MeHg perturbs the cell cycle kinetics of the
murine erythroleukemic cell (MELC). At relati-
vely low levels (5.0 umol dm™), MeHg predomi-
nately inhibits DNA synthesis (i.e. progression
through the S phase of the cell cycle). Only a
modest accumulation of cells with a 4n DNA
content (i.e. in the G,/M phase of the cycle as
defined by FCM) is observed. At higher concen-
trations (=10 umol dm™), progression through
all phases of the cell cycle is blocked. Light
microscopy reveals a dose-dependent increase in
the incidence of chromosomal aberrations.
Chromosomal condensation is observed for doses
<10 pmoldm~. At 10 umoldm™ MeHg, both
condensation and pulverization are observed.
Higher dose levels (=25 pmol dm™?) induce the
formation of wreath-like chromosomal ring struc-
tures and progressive perturbation of the cell
membrane/cytoplasm complex. The latter is
manifested as increased 90° light scatter (refrac-
tive index,"” protein content'®), decreased axial
light loss (apparent cell volume, cell size'®), simul-
taneous propidium iodide (PI) and carboxy-
fluorescein (CF) fluorescence, and resistance to
detergent (NP-40)-mediated cytolysis.?® Our
observations indicate that DNA synthesis is the
primary target of MeHg cytotoxicity and that
apparent targets and degree of cytotoxicity are a
complex function of dose.
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MATERIALS AND METHODS

Cells

Friend murine erythroleukemic cells (T3CL2;
from Dr. Clyde Hutchinson, University of North
Carolina, Chapel Hili) were grown in suspension
culture in RPMI 1640 (Gibco, Grand Island, NY)
supplemented with 10% fetal bovine serum (FBS)
and 25 mmol dm ™~ Hepes (Sigma, St Louis, MO,
USA,; no. H3375). Cell density was monitored by
Coulter Counter (Model ZBI; Coulter
Electronics, Inc., Hialeah, FL, USA) and the
cells were passed every two to three days to
maintain logarithmic growth.

Viability assay

Viability was estimated by FCM employing the
carboxyfluorescein diacetate (CFDA; Molecular
Probes, Eugene, OR, USA)/propidium iodide
(PI; Sigma; no. P5264) assay.'-?"*

Preparation of nuclei for cell cycle
analysis

Logarithmically growing cells were harvested and
washed as described previously.” Nuclei were
isolated by non-ionic detergent [Nonidet P-40
(NP-40): Sigma; no. N6507]-mediated solubiliza-
tion of the plasma membrane/cytoplasm complex
and stained with fluorescein isothiocyanate
(FITC; Sigma; no. F7250) for protein content and
PI for DNA content.”

Flow cytometry

Cytometric analyses were accomplished as des-
cribed previously. 22

MeHg exposure protocol

Methylmercury(II) chloride (Alfa Inorganics,
Danvers, MA, USA; no. 37123) in methanol was
added to logarithmically growing MELC to final
concentrations of 0.1, 0.25, 0.5, 1.0, 2.5, 7.5, 10,
25, or 50 umol dm™3. The final methanol concen-
tration of the medium was 0.1% (no effect on
viability or growth rate). Duration of exposure
was 1, 2, 4, or 6 h. To investigate recoverability
from the effects of MeHg exposure, cells were
exposed to MeHg for 6 h, washed in prewarmed
(37 °C) FBS-supplemented medium and reincu-
bated for 18 h in MeHg-free medium.

Progression assay

The relative rate of movement of cells through
the FCM-defined compartments of the cell cycle
was estimated by a modification of the stathmoki-
nesis assay of Darzynkiewicz et al.® which is
based on the rate of accumulation of cells in the
G,/M phase of the cell cycle following treatment
with Colcemid. Quantification of the phase distri-
bution of cells was obtained with Multicycle, a
cell cycle analysis PC software package (Phoenix
Flow Systems, San Diego, CA, USA).

Quantification of the mitotic fraction of
G,/M nuclei

To estimate the percentage of cells in the M phase
of the cell cycle, nuclei were prepared (from
1 x 10° cells per sample) according to the method
of Pollack et al.,* which allows flow-cytometric
discrimination of the M subpopulation.™

Chromosome morphology

Cells (1 X 10° per sample) were washed twice with
phosphate-buffered saline (PBS: Sigma; no.
4417) by centrifugation (120g, 5min), resus-
pended in 10cm’ of 75 mmoldm™ potassium
chloride and fixed in methanol-acetic acid (3:1).
Chromosome spreads were prepared by centrifu-
gation (~2x 10 fixed cells, 500 g for 10 min at
room temperature) onto glass slides in Leif cyto-
buckets (Coulter kit no. 322; Coulter Electronics,
Inc., Hialeah, FL, USA), drying at 56°C, and
staining with 6% Giemsa (Sigma; no. G5637).
The percentage of normal and abnormal chromo-
somes were obtained from 200 mitotic figures.
The mitotic index was obtained from 500 cells.
The data represent the mean + standard deviation
of three experiments.

Data analysis

The data reported are from representative experi-
ments. The experiments were repeated at least
three times. For each cytometric parameter
investigate (PI or FITC fluorescence, 90° light
scatter, axial light loss), the distribution or mean
of 10* events (cells or nuclei) per condition (dose,
duration of exposure) or combination of con-
ditions was determined. Data derived from cells
exposed to MeHg concentrations below
2.5umoldm™* did not differ from the control
condition and are not included.
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Figure1 Rate of MELC growth following MeHg exposure
(6 h), washout and reincubation (18 h) in MeHg-free medium.
MELC doubling time after exposure to 2.5 pmol dm~* MeHg
was essentially equal to that of control cells.
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RESULTS

Exposure of MELC to MeHg =5 umol dm > for
six hours or more has no significant effect on
viability (estimated by the CFDA/PI assay: Table
1), 90° light scatter (see Fig. 7, below), a measure
of protein content,' or axial light loss (cell size"’).
However, rate of cell replication is decreased
(Fig. 1) following MeHg washout and reincuba-
tion for 18h in fresh, MeHg-free medium.
Exposure to higher doses results in significant loss
of viability (Table 1). At or above 5pumol dm™>,
MeHg alters the percentage distribution of cells
across the cell cycle (Figs 2-6). Following expo-
sure to 5umoldm™MeHg, DNA histogram
analysis (Fig. 3: no Colcemid) reveals depletion
of the Gy/G, compartment, increase in the
percentage of cells in S phase (to a relatively
steady state), and no increase in G,/M compared
with control cells, suggesting little movement of
cells out of the S phase. Compared with control
cells treated with Colcemid, addition of Colcemid
to the 5.0 pumol dm™ MeHg-treated cells has lit-
tle, if any, affect on the percentage of G,/M cells.
If the primary effect of MeHg were on micro-
tubule assembly/disassembly (a Colcemid-like
effect) and S phase progression were normal, cells
would accumulate in the G,/M phase of the cycle
at the expense of the other phases. Apparently,
cells treated with MeH, can enter the S phase, but
the rate at which they traverse this compartment
is retarded, resulting in reduction of the rate of

influx of cells into G,/M. Compared with control
cells, exposure to 10 pmol dm > MeHg results in
an increased percentage of cells in the S phase of
the cycle and a slightly decreased percentage in
Go/G;, and G,/M. Exposure of such cells to
Colcemid has minimal effect on phase distribu-
tion, indicating essentially complete cessation of
cycling.

Eighteen hours after MeHg washout and rein-
cubation under standard conditions, the DNA
histogram of nuclei obtained from MELC
exposed to 2.5 umol dm ™ MeHg appears identi-
cal to that of control cells (Fig. 4). Also, the DNA
histogram obtained from MELC exposed to
5umoldm ™ dm™? MeHg indicates considerable
recovery toward a pattern of DNA distribution
similar to that of logarithmically growing cells
(compare Fig. 4 with Fig. 2), although there is
persistent reduction of the rate of S phase tra-
verse as evidenced by the accumulation of cells in
early and mid S phase and depletion of cells in
late S and the G,/M phase. Colcemid treatment
confirms recovery of normal cell cycle kinetics by
cells exposed to 2.5 umol dm > MeHg and persist-
ence of S phase retardation in cells exposed to
5umoldm—>MeHg. Reincubation of MELC
exposed to doses =10 umol dm ™ MeHg reveals a
greatly perturbed DNA histogram manifesting an
increased amount of debris, indicative of severe,
irreversible cytotoxicity (data not shown).

The time-dependent effects of exposure to
5.0 umol dm~* MeHg or 0.2 pg cm ™ Colcemid on
cell cycle progression are compared in Figs 5 and
6. By inhibiting mitosis, Colcemid exposure
results in a relatively rapid increase in the
percentage of cells in the G,/M phase of the cell
cycle at the expense of the G¢/G, and S phases
(Fig. 6, open symbols). In contrast, the G,/M
compartment of MeHg-exposed cells increases
only slightly and at a relatively slow rate over the
course of the experiment; the S compartment
increases to a maximum at 2h and remains con-
stant; and the Go/G, compartment decreases to a
minimum at 4h. Also, in contrast to Colcemid
exposure, the. MeHg-exposed cells accumulate
maximally in the S phase of the cycle.

To gain insight into the effect of MeHg on the
G,/M phase of the cell cycle, nuclei were pre-
pared from MELC by an isolation procedure that
allows flow cytometric discrimination of mitotic
nuclei.’®* On a contour cytogram of 90° scatter
versus PI fluorescence (Fig. 7), M phase nuclei
appear as a distinct subpopulation exhibiting dec-
reased 90° scatter and PI fluorescence compared
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Table1l The mitotic index and percentage of chromosomal aberrations occurring after 6h exposure to

050 umot dm > MeHg or 0.2 ug cm > Colcemid.

MeHg Chromosomal aberrations

dose

(pmoldm™)  Viability (%) Mitotics (%) Normal (%) Condensed (%) Pulverized (%) Rings (%)
Control 98 3110 92+6 52 — 3+4
2.5 98 42%2.0 84+8 13+8 2+2 2+2
5.0 95 5.0x09 74+22 22+15 4+4 —

10.0 14 4.8+3.0 3+4 30+34 12+9 55+41
25.0 3 45+0.8 — — — 1000
50.0 5 39+1.8 — — — 100+ 0
Colcemid 97 410 90+4 10+4 — —

with G, nuclei. Following 6 h exposure to concen-
trations of MeHg=7.5 umol dm™, the percent-
age of cells in G,/M remains relatively constant
over dose (control-16.4%; 2.5 umol dm ™~ MeHg-

14.7%; Sumoldm™ MeHg-18.2%; 7.5 umol
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Figure2 Representative DNA histograms of nuclei of
MELC exposed to MeHg for 6 h with or without Colcemid for
the last 2 h of exposure (progression assay). G¢/G, represents
the pre-DNA synthetic phase of the cell cycle; S, the phase of
DNA synthesis; G,, the post-synthetic phase preceding mito-
sis; and M, mitosis. Following exposure to 5.0 pmol dm™3
MeHg, movement of cells through the S phase of the cycle
appears to be retarded. At 10 umoldm™® MeHg, there is
complete cessation of cycling.

dm~* MeHg-19.4%). However, the contribution
of the M subcompartment increases considerably.
This suggests that, aithough progression from S
phase into G, is retarded, subsequent progression
from G, into M occurs. However, the percentage
of cells exhibiting recognizable chromosomes
does not increase substantially as a function of
dose (Table 1), suggesting that cells leaving G,
become arrested in a premitotic phase in which
their nuclei exhibit the same biophysical proper-
ties as those of M phase cells but chromosome
morphology is disrupted.

Chromosome analysis reveals an increase in the
percentage of condensed and pulverized chromo-
somes (Table 1) and a modest increase in the
mitotic index (considerably less than that caused
by Colcemid) as a function of MeHg dose. At
10 ymol dm~* MeHg, chromosome spreading was
inhibited and the chromosomes of more than half
of the mitotic cells appeared in the form of
wreath-like ring structures (Table 1). Following
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Figure3 The percentage of cells in each cell cycle phase was
determined by computerized mathematical analysis of the
histograms of Fig. 2. Data points at 7=0 depict the control
condition. +2H Colc=exposure to Colcemid for 2 h (see Fig.
2).
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Figure4 Representative DNA histograms of nuclei obtained
from MeHg-exposed (6 h) MELC reincubated in MeHg-free
medium for 18 h. The cell cycle distribution of cells recovering
from exposure to 5.0 umol dm ~* MeHg approaches normality,
but still indicates retardation of progression into, through, and
out of the S phase.

exposure to 25 or 50 umol dm 3 MeHg for as little
as 1 h (the shortest time period investigated), all
spreads appeared in the form of wreath-like ring
structures (Fig. 8).

DISCUSSION

The mechanism through which MeHg exerts its
cytotoxicity has been postulated to involve bind-
ing to sulfhydryl groups and disruption of disul-
fide bonds. Indeed, inhibition of microtubule as-
sembly, disruption of assembled microtubules,
and inhibition of mitosis have been attributed to
the binding of MeHg to sulthydryl groups of
tubulin.*® It is expected that sulthydryl binding
would also affect other cellular functions, includ-
ing the structure and function of biomembranes
and the cytoskeleton; synthesis, repair and struc-
ture of DNA, RNA (and, therefore, the cell
cycle); protein synthesis, turnover, structure and
function; and chromosome structure and
function.> % 1116

Cell cycle analysis (by FCM) reveals that MeHg
induces a dose dependent increase in the percent-
age of cells in the S phase, little change in the
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Figure 5 Exposure to Colcemid (0.2 pg cm ™) results in time-
dependent accumulation of cells in the G,/M compartment
and a sequential depletion of the G/G, and S compartments.
In contrast, exposure to 5 pmol dm™* MeHg results in accumu-
lation of cells in the S phase and retardation of the rate of
efflux out of this compartment. As a result, the Gy/G,; com-
partment becomes depleted and accumulation of cells in the
G,/M compartment is inhibited.

percentage of cells in the G,/M compartment
compared with the control condition, and deple-
tion of the Go/G, compartment (Figs 2, 3, 5, and
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Figure 6 Computerized mathematical analysis of the histo-
grams of Fig. 5. MELC were exposed to either 5 pmol dm~?
MeHg (filled symbols) or 0.2pugem™ Colcemid (open
symbols) as described in the text.
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Figure 7 Contour cytograms of the 90° scatters versus PI
fluorescence of nuclei isolated from MeHg-exposed (6h)
MELC by treatment with Pollack’s buffer.”* Mitotic nuclei
appear as a distinct subpopulation exhibiting decreased 90°
light scatter and PI fluorescence. Following MeHg exposure,
the relative percentage of cells in this phase increases with
dose.

6). Depletion of the G,/G, compartment indicates
retardation/inhibition of mitosis. Ordinarily
retardation/inhibition of mitosis results in an
increase in the size of the G,/M compartment (a
colchicine-like effect). That this is not observed
indicates retardation of S phase transit, which is
supported by the increase in the size of the S
compartment (Figs. 2, 3, 5, and 6). However,
cells exposed to concentrations of MeHg up to
5 umol dm~? exhibit partial, if not complete, reco-
very from these effects following reincubation in
MeHg-free medium (Fig. 4).

To obtain more precise information on cell
cycle effects, we investigated the time course of
interaction of MeHg (5 umol dm?) with logarith-
mically growing MELC (Figs 5 and 6).
Computerized mathematical analysis of the DNA
histogram indicates that the percentage of cells in
the S phase increases with time, reaching a maxi-
mum after 2h of exposure and remaining con-
stant thereafter (Figs 5 and 6). At the same time,
the percentage of cells in Gy/G, decreases and
continues to decrease as a function of exposure up
to 4 h, indicating reduction of the rate of influx of
cells into this compartment. The percentage of
cells in G,/M changes little during the course of
the experiment, suggesting (in the light of the S
phase build-up) retardation of influx into and
efflux out of this compartment (the size of the

G,/M compartment is limited by the relative rates
of S phase efflux and mitosis).

Increasing the MeHg dose to 10 umol dm™
does not increase the size of the G,/M compart-
ment (Figs 2 and 3). If the primary effect of
MeHg is microtubule disruption, increasing the
MeHg dose below the cytotoxic level would be
expected to inhibit mitosis progressively, increas-
ing the percentage of cells in the G,/M compart-
ment and the mitotic index. However, this is not
the case (Figs 2 and 3; Table 1). Indeed, cells
accumulate in the S compartment.

Quantification of the relative contribution of M
phase cells to the G,/M compartment (Fig. 7)
reveals that, although the percentage of cells in
G,/M changes little as a function of dose (Fig. 3),
the M subpopulation appears to increase substan-
tially following exposure to MeHg concentrations
of more than 2.5pumoldm™. Thus, it would
appear that, at concentrations of MeHg
(>2.5 pmol dm~?) above which influx into G, is
retarded, efflux out of M (i.e. mitosis) is retarded
to a greater extent. However, morphologic analy-
sis reveals that the mitotic index changes little as a
function of MeHg dose (Table 1). This suggests
that the apparent increase in the percentage of M
phase nuclei results from the celis leaving G,
becoming arrested in a premitotic phase in which
the nucleus exhibits biophysical properties similar
to those of M phase nuclei. This argues against
the hypothesis that the mitotic spindle (i.e. the
microtubule) is the primary target of MeHg, as
does our observation of only limited accumu-
lation of cells in the G,/M phase of the cell
cycle—far less than that seen after treatment with
Colcemid, an agent that specifically blocks micro-
tubule assembly (Table 1).

Following exposure to concentrations of
MeHg = 10 ymo! dm >, viability decreases (Table
1), growth is completely inhibited (Fig. 1), and
traverse through all phases of the cell cycle is
blocked (Figs 2 and 3).

Cytologic examination reveals that MeHg
exposure perturbs chromosome structure. At
MeHg concentrations less than 10 umol dm™3,
condensation and pulverization are the predomi-
nant chromosomal aberrations observed (Table 1;
Fig. 8). Exposure at or above 10pmoldm™?
results in the induction of wreath-like chromoso-
mal ring structures that appear to be formed by
chromosomal fusion.

Although the mechanism of ring structure for-
mation is unknown, direct interaction of MeHg
with chromatin as well as perturbation of the

3
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Figure8 Representative photomicrographs (630X) of chromosomal aberrations induced by exposure (6 h) of MELC to MeHg.
The chromosomes of cells exposed to S umol dm* MeHg (B) appear to be of normal morphology, but are smaller in size than
those of control cells (A) and both cell growth (see Fig. 1) and S phase progression (see Figs 2—6) are inhibited. Following
exposure to 10 pmol dm~> MeHg, condensed and/or pulverized chromosomes are observed (C). At or above 25 ymol dm > Hg,

the chromosomes appear in the form of wreath-like ring structures (D).

plasma membrane/cytoplasm complex resulting
in alteration of the intracellular environment may
be involved. It has been observed repeatedly that
MeHg disrupts the structure/function of biomem-
branes (e.g., Refs 5, 13-15). Indeed, in cultured
mouse neuroblastoma cells, Koerker” reported
that exposure to 1 umol dm~* MeHg for 24-72h
at 37°C in Ham’s F-12 medium supplemented
with serum resulted in perturbation of the func-
tion of the plasma membrane, lysosomes, mito-
chondria, and endoplasmic reticulum.
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