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Abstract—The effects of selenite on DNA integrity, cell viability, and long-term proliferative potential
of mouse leukemic L1210 cells were examined in this study. Selenite treatment resulted in concentration-
dependent increases in DNA single-strand breaks and double-strand breaks, as detected by a modified
filter elution assay. A time—course experiment showed that DNA single-strand breaks preceded DNA
double-strand breaks. Agarose gel electrophoresis of DNA extracted from selenite-treated cells displayed
a nucleosomal fragmentation pattern that is characteristic of apoptotic cell death. The involvement of
a Ca’" Mg**-dependent endonuclease responsible for DNA double-strand fragmentation was implied
by the observation that two inhibitors of endonuclease activity, i.e. aurintricarboxylic acid and zinc,
blocked selenite-induced DNA double-strand breaks. These inhibitors also prevented selenite-induced
cell death as defined by loss of ability to exclude trypan blue dye. Selenite treatment severely impaired
the colony-forming ability of cells capable of trypan blue exclusion. The induction of DNA strand breaks
and commitment to apoptosis may explain the selenite-mediated growth inhibition and loss of long-term

protiferative potential.
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The results of over 50 laboratory studies indicate
that ingestion of pharmacological amounts of
selenium inhibits the occurrence of chemically or
virally induced tumors in several organ systems
(reviewed in Refs. 1-4). However, the lack of
knowledge about how selenium exerts its anti-
carcinogenic activity and concerns about the narrow
dose range over which the element is well tolerated
have limited the consideration of selenium in clinical
use.

Much of what is known about the *mechanisms”
of the cancer inhtbitory activity of selenium is derived
from cell culture experiments. Exposure to various
forms of selenium at concentrations between 2 and
5 uM has been observed to inhibit macromolecular
synthesis and cell growth without affecting cell
viability [5]. These in vitro resuits have been inter-
preted to indicate that selenite exerts an anti-
proliferative effect, which might account. at least in
part, for the anticancer activity of the element in
vivo [2].

In the present study, the effects of selenite on
DNA integrity and colony-forming ability (i.e. long-
term proliferation potential) of mouse leukemic
L1210 cells were investigated. Selenite was chosen
as a model selenium compound because its cancer
inhibitory activity has been widely studied. Our
results show that selenite treatment induced DNA
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SSBs+. followed by the activation of endonucleases
that produced DNA DSBs and the induction of cell
death by apoptosis. The induction of DNA SSBs
and the activation of the apoptotic cell death pathway
might explain the observed severe loss of long-term
proliferative potential of selenite-treated cells.
Although the effect of selenite on DNA integrity
has been noted previously [6, 7], selenium-induced
apoptotic cell death has not been studied extensively.
Apoptosis occurs when a cell initiates a cascade of
biochemical and morphologic events resulting in
active death [8,9] and is inducible in response to
treatment by both physiologic and pharmacologic
agents [10]. Selenium-induced apoptosis may under-
lie its cancer inhibitory activity.

MATERIALS AND METHODS

Cell culture. Mouse L1210 leukemia cells were
grown in suspension culture in RPMI 1640 medium
(Gibco, Grand Island, NY) supplemented with 10%
fetal bovine serum (Intergen, Purchase, NY) and
ImM glutamine at 37° in a 5% CO,/95% air
atmosphere. Stock cells were maintained at densities
<5 X% 10% cells/mL to minimize spontaneous nucleo-
somal DNA fragmentation and apoptosis [11]. Cells
were seeded at 1(f cells/mL, and treatment with
selenite and/or endonuclease inhibitors was initiated
at that time. A selenite stock solution (J. T. Baker
Inc.. Phillipsburg, NJ) was diluted with complete
RPMI 1640 medium and added to the cell suspension
to give the required final concentration.

Cell viabiliry. After selenite exposure, cells were
counted using a hemocytometer. Cells able to
exclude trypan blue after a 5-min incubation with
the dye were considered viable.
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Colony formation assay. The colony-forming
ability of trypan blue-excluding cells was assessed
by their growth in soft agar. This assay reflects the
long-term proliferative potential of the assessed cell
population. The assay was performedin 13 x 100 mm
screw cap culture tubes (Falcon No.2027) as follows.
After selenite exposure for 24 hr, cells were counted,
collected by centrifugation (200g¢ for 5 min), and
washed twice with fresh medium. The cells were
resuspended in fresh medium at 107 viable cells/mL
and serially diluted. A total of [500 dye-excluding
cells in 1.5mL of fresh medium was mixed with
4.5mL of molten agar (final agar concentration
1¢/L in fresh medium) and then briefly cooled on
ice to facilitate solidification. The cells were
incubated at 37° for 7-10 days until colonies grew
visible for counting.

[*H]-Thvmidine labeling. Exponentially growing
cells were seeded at 10° cells/mL and were exposed
to 0.1 uCi/mL of [methyl-*H]thymidine (20 Ci/
mmol. Du Pont-New England Nuclear. Wilmington.
DE) for 24 hr. The percentage of *H-incorporation
ranged from 70 to 80%. Cells were recovered by
centrifugation at 200 ¢ for 5 min and resuspended at
10°/mL for treatments.

Filter elution analvsis of DNA strand breaks. A
gravity-flow alkaline clution method [12] was used
with modification to yield information on the
occurrence of both single- and double-stranded DNA
breaks [13]. Collection of the lysis and proteinase K
digestion fractions prior to application of the alkaline
clution (AE) buffer constitutes a minm-“neutral
elution”™ (NE). which serves as a reasonable
estimate of DNA double-strand breaks as recently
demonstrated by our laboratory [13]. The elution
parameters were:

Double-strand breaks as neutral elution =
[N/(N + A + F)] x 100

Single-strand breaks as alkaline elution =
[A/(A + F)] x 100%

where N was *H collected in lysis and proteinase K
digestion steps. A was “H collected in alkaline
clution, and F was *H retained on filter after alkaline
elution.

DNA isolation and gel electrophoresis. After a
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defined treatment period, 3 million cells were
recovered by centrifugation at 200 g for 5 min at 4°.
Cell pellets were lysed in I mL of a buffer con-
taining 10 mM Tris—-HCL, pH 8.0, 100 mM EDTA,
0.5% SDS and 0.5 mg/mL proteinase K at 37° over-
night and extracted twice with phenol: chloroform.
Nucleic acids were precipitated with 0.6 vol. of
isopropanol in the presence of 0.2M NaCl. The
DNA was resuspended in 30 gL of 10 mM Tris-H(l,
I mM EDTA, pH 7.5, treated with ribonuclease to
digest RNA, loaded into a 1.5% agarose gel
containing 0.1 ug/mL of ethidium bromide. and
electrophoresed. Gels were photographed with
Polaroid film using UV illumination.

Selenium analvsis.  Cells were  harvested  via
filtration onto glass fiber dises (0.2 um pore size.
Whatman, Maidstone. UK) and washed with
phosphate-buffered saline. Filters were transferred
to digestion flasks and wet-ashed in a concentrated
nitric: perchloric acid mixture (3:1. v/v). Selenium
content of the digest was determined fluorometrically
as previously described [14].

Statistical analvsis. Data were evaluated for their
compliance with assumptions of  distributional
normality and then subjected to analysis of variance
with post hoc comparisons among treatment groups
according to the method of Tukey as described in
Ref. 15. Concentration—response datawere evaluated
by polynomial regression analvses [15].

RESULTS

Selenite treatment of L1210 cells tor 24 hr resulted
in a concentration-dependent increase in cellular
selenium content (Table 1). Over the concentration
range of -20 uM selenite . cellular seleniumincreased
approximately 11-fold. The response pattern was
best described mathematically by a quadratic function
(P <<0.004). In cells accumulating these levels of
selenium, concentration-dependent reductions in
cell viability (P << 0.05) and colony-forming ability
(P < 0.05) were observed. The greatest percent
reductions (20 uM selenite vs 0) were a 53% decrease
in viability and a 94% decrease in colony-forming
ability. It 15 noteworthy that at the 5 «M exposure

Table 1. Effect of selenite treatment for 24 hr on cellular selenium content, cell viability by
trypan blue exclusion, and colony-forming ability of L1210 cells

Selenite Cellular selenium*+ % Dye-excluding Number of colonies per
(uM) (ug/mg DNA) cells* 1500 dye-excluding cells*#
0 ~().5¢ 98.2 = [.1* 407 = 23
5 0.9 % 0.5 98.2 = (.6" 73+ 4"
10 1.9 £0.5" 76.0 £ 3.6° 34+ 3
20 59+ 1L.(O¢ 45.7 £ 6.0¢ 260+ T

* Values are means = SEM (N = 3). Means within a column bearing different superscripts
were significantly different as determined by the Tukey test, P < 0.05.

+ L1210 cells were treated with increasing concentrations of sclenite for 24 hr. Cellular
DNA was mcasurcd by a dye-binding method [16]. A significant concentration cffect of
selenite (P < 0.01) was indicated by analysis of variance.

+ Viable cells were determined by their ability to exclude trypan blue dve. A total of 1500
dye-cxcluding cells were sceded into soft agar medium for the colony formation assay.
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Fig. 1. Concentration-dependent induction by sclenite

treatment for 24 hr of DNA single-strand breaks (SSBs) as
measured by alkaline elution (AE) and DNA double-
strand breaks (DSBs) as measured by neutral elution (NE)
and loss of trypan blue excluding ability (viability). A
representative experiment is shown: each point in this
experiment represents the mean of threc determinations.
The standard error of the mean for most points was within
the size of the symbol.

level, cell viability was not affected but the colony-
forming ability was reduced by 82%.

The effect of selenite treatment for 24 hr on DNA
integrity measured by filter elution from a
representative experiment is shown in Fig. 1. It was
observed that selenite treatment induced concen-
tration-dependent  increases in DNA  SSBs
(P < 0.001) and in DNA DSBs (P < 0.01). However,
the response patterns were very different for the two
types of DNA breaks. For SSBs, the relative increase
was 415% between 0 and 5 uM selenite and 48%
between the 5 and 10 uM levels of exposure. For
DSBs, the relative increase was only 33% between
0 and 5uM exposure levels (P =0.05) and 130%
between 5 and 10 uM selenite.

A representative time-course experiment on
selenite treatment-induced DNA strand breaks is
shown in Fig. 2. It was observed that the increase
in SSBs induced by 10 uM selenite preceded the
increase in DSBs (P < 0.05). The decrease in cell
viability observed with increasing duration of selenite
treatment more closely paralleled the increase in
DSBs than SSBs (Fig. 2C).

Because the concentration-response and time-—
course results suggest interesting associations
between SSBs, DSBs and cell viability, the
experiments shown in Table 2 were conducted in an
effort to establish the relationships among these
events. [t was observed that inhibitors of Ca>* ,Mg*-
dependent endonuclease activity known to be
involved in the apoptotic degradation of DNA, i.e.
ATA or Zn** (as ZnSQ,), blocked selenite-induced
formation of DSBs. This effect was also associated
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Fig. 2. Time—course of selenite induction of DNA single-
strand breaks (SSBs) as measured by atkaline clution (AE,
panel A) and DNA double-strand breaks (DSBs) as
measured by neutral elution (NE, panel B) and loss of
trypan blue excluding ability (panel C). A representative
experiment 1s shown: each point in this experiment
represents the mean of three determinations. The standard
error of the mean for most points was within the size of
the symbol.

with a 33-41% reduction in SSBs depending on
whether zinc or ATA was used as the inhibitor. Of
particular interest was the lack of effect of selenite
on cell viability when the induction of DSBs
was blocked by these inhibitors. Agarose gel
electrophoresis of DNA extracted from selenite-
treated cells is shown in Fig. 3. A pattern of DNA
nucleosomal fragmentation that is typical of apoptosis
was observed at 20 uM selenite. We have observed
this same type of DNA fragmentation at levels of
selenite exposure as low as 5 yuM. As shown in Fig.
3, ATA reduced the amount of DNA nucleosomal
fragmentation in a concentration-dependent manner.

DISCUSSION

Ouvr finding that selenite treatment of L1210 cells
induced DNA SSBs confirms work from our and
other laboratories utilizing different methodologies
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Table 2. Effects of cotreatments of L1210 cells for 24 hr with selenite and/or inhibitors of
endonuclease on DNA strand breaks and cell viability

DNA SSBs as DNA DSBs as
Selenite alkaline elution® neutral clution* Viability+

Treatment (uM) (%) (%) (%)
None 0 5.7+x07 3.0x20.1° 99
0.25mM ATA% 0 43+0.4¢ 34202 49
39 uM ZnSO, 0 6.0+ .14 59 0.4 99
Selenite (Se) 10 93.4 = 0.4 7.1+ 16" 72
Se +0.25mM ATA 10 549 0.9 3.7 x0.1¢ 97
Se + 39 uM ZnSO, 10 624+ 1.9° 8.8+ (16" 93

* Values are means + SEM (N =4). Means within a column bearing different superscripts

were significantly different (P < 0.05).

T Cells able to exclude trypan blue were considered viable.

1 ATA. aurintricarboxylic acid.

Selenite
ATA

O O 0 20 20 20 uMm
0 .256.5 0 .25.5 mM

S ! e\ e

1 234567

Fig. 3. Agarose gel electrophoretic analysis of DNA
isolated from L1210 cells treated for 24 hr with selenite in
the absence/presence of aurintricarboxylic acid (ATA).
Lane 1, 100-bp DNA size markers; lane 2, untreated
control cells; lanes 3 and 4, cells treated with 0.25 and
0.5mM ATA, respectively; lane 5, cells treated with 20 uM
selenite; and lanes 6 and 7, cells cotreated with 20 uM
selenite and 0.25 and 0.5 mM ATA, respectively.

and cell types [6,7, 17]. The present study extends
those observations in several ways. Both the
concentration—response (Fig. 1) and time—course
data (Fig. 2) indicated that the induction of SSBs
was associated with the subsequent formation of
DSBs and loss of cell viability. Agarose gel analysis
of the DNA from selenite-treated cells (Fig. 3)
indicated that the DSBs detected by neutral elution
were of a type associated with apoptosis. The latter
observation was corroborated further by the finding
that ATA or zinc¢, both known inhibitors of endo-
nuclease activity associated with the apoptotic
degradation of DNA, blocked both the occurrence
of DSBs detected by neutral elution (Table 2) and
the ladder-type pattern of DNA fragmentation
characteristic of apoptosis (Fig. 3). These obser-
vations led us to propose the following working

Selenite treatment

!

DNA single strand breaks

|

Endonuclease activation

blocked by
ATA or Zn

v
DNA double strand breaks

DNA fragmentation into
nucleosomal sizes

Cell death

Fig. 4. Proposed sequence of events in selenite-induced
apoptotic death of L1210 cells.

hypothesis about the sequence of events in selenite-
induced cell death. Selenite treatment induces
DNA SSBs; the accumulation of SSBs triggers
endonuclease activation; the endonuclease cleaves
DNA as DSBs and the final stage of this cleavage
can be detected as oligonucleosomal size fragments
on an agarose gel: cells that incurred irreparable
DSBs die by apoptosis. This scheme of events is
shown in Fig. 4. One question concerning our
interpretation of the present data remains (Table 2),
that is, cotreatment of L1210 cells with selenite and
endonuclease inhibitors blocked DSB formation and
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loss of cell viability, but also caused a 31-45%
reduction in SSBs. Therefore, it is currently unclear
whether the inhibition of endonuclease activity or
the reduction of SSBs accounts for blocking the
formation of DSBs and the loss of cell viability by
these inhibitors. While this issue merits further
investigation, either possibility is consistent with our
proposed model of selenite-mediated induction of
apoptosis. What is clear from the work presented in
this study is that the belief that selenite-treated cells
die exclusively by the process of necrosis is incorrect.
Rather a component of the cell death attributed to
treatment with this form of selenium is mediated by
apoptosis. Formulation of this hypothesis has merit
to ongoing research using forms of selenium that
enter at different points in the intermediary pathway
of selenium’s reductive metabolism and methylation.
Given that some of these forms of selenium have
anticancer activity and have been reported not to
induce SSBs [17], it will be of value to compare their
effects on cell death induction to the pathway
proposed for selenite in this study.

The observations reported in this study concerning
the effect of selenite on cell viability and long-
term proliferative potential, in concert with the
observation that selenite treatment induces apoptosis
may also provide insights that help explain previous
reports of the cancer growth inhibitory activity(s)
attributed to selenite. For example, it was reported
that selenite-treated L1210 cells judged to be
metabolically viable by trypan blue exclusion failed
to grow or to cause the death of host mice into which
these cells were injected, whereas the injection of
untreated L1210 cells into mice led to lethality [18].
We suggest that this observation may be explained
by selenium-induced commitment of L1210 cells to
undergo apoptosis and the loss of long-term pro-
liferative potential. The inability of the L1210 cell
population to grow in wvivo following selenite
treatment may be analogous to the effect of selenite
exposure on colony formation reported in this study.

Several key questions regarding the mechanism(s)
of the biological activity of selenite are raised by the
observations reported in this study. They include:
(1) are SSBs induced by selenite per se or by a
selenium species derived from its metabolism; (2)
are SSBs induced by a non-selenium mediator that
is generated as a secondary consequence of selenite
metabolism; (3) do SSBs induced by selenite
treatment directly account for the induction of DSBs;
(4) does the induction of SSBs by selenite have
effects independent of the formation of DSBs; and
(5) can DSBs associated with the occurrence of
apoptosis be induced by forms of selenium other
than selenite? It is hoped that answers to these
questions may provide new insights into the
mechanism(s) by which selenium inhibits the
development of cancer.
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