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Abstract

In this study, we examined the effect of stilbene estrogen, diethylstilbestrol (DES), on the DNA repair capacity of mouse
Leydig cells using the host cell reactivation assay. Cells transfected with UV-damaged plasmids, undamaged plasmids, or no
plasmids (sham treatment) were grown in serum, serum-free, or DES plus serum-free medium. The serum-grown cells which
have a shorter cell cycle time (16 h) showed a 40% decrease in DNA repair capacity when compared to serum-free cells with
a longer cell cycle time (25 h). A significant decrease in the DNA repair capacity of the Leydig cells exposed to DES was
observed compared to untreated cells grown in a serum-free environfhent(05). The effect of DES on DNA repair in
Leydig cells was dose dependent. We have recently shown that DES stimulates the growth of Leydig cells. Stimulatory growth
of Leydig cells coupled with a decrease in DNA repair capacity by DES may allow the accumulation of mutagenic lesions
in DNA. The mutagenic lesions may result from the attack of redox cycling products of DES and/or errors of replication.
This, in turn, may produce alterations in the genome of Leydig cells resulting in genetically unstable cells that may serve as
precursor cells for testicular carcinogenesis. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction humans [5]. 1B-Estradiol and DES are testicular car-
cinogens in animals [2,6]. The mechanism by which
Stilbene estrogen (diethylstilbestrol, DES) is a estrogen mightinitiate testicular tumorigenic events is
hormonal chemical that possesses potent estrogenicnot clear. It is widely accepted that genetic instability
activity. It is carcinogenic in both animals and hu- in the target organ is required for the development of
mans [1]. In utero exposure of DES has been reported cancer [7]. Mutations in a minimum of three to four
to induce sexual malformations in both humans and candidate target genes in the same progenitor cells are
animals [2—-4]. DES has also been linked to the devel- essential for the malignant transformation in vivo [8].
opment of clear cell adenocarcinoma of the vagina in The mechanisms by which estrogens might incorpo-
rate genetic alterations in progenitor cells are highly
"+ Corresponding author. Tekt 1-205-934-6081; controversial. We previous_ly_demqnstrated that cat_ec-
fax: +1-205-975-6341. holestrogen and DES participate in the redox cycling
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and nuclear enzymes [9]. During redox cycling, DES lation fluid, [BH] chloramphenicol (DuPont-NEN);
is oxidized to DES semiquinone and further oxidized PBS buffer (Life Technologies, Grand Island, NY);
to DES quinone. The quinone is reduced back to Tris—HCL, pH 8.0, 2M Ca/Cl, and HBS 2 buffer
hydroquinone (DES) by cytochrome P450 reductase. (Promega). The DNA plasmid pC&F Control plas-
DES reactive metabolites, quinone and semiquinone mjg was purchased from Promega. p¢Aplasmid
covalently attack macromolecules. If covalent modi- \y5s isolated fronEscherichia coli. INVaF— by alka-
fications in bases of DNA are not repaired, then they |ine ysis method [18]. The culture medium consisting
may produce mutagenic lesions. of 1:1 mixture of Ham’s F12 medium and Dulbecco’s
DNA polymerases are not perfect. DNA poly- mogified Eagle’s medium was purchased from Life

merases insert the wrong base approximately once inTechnologies. Diethylstilbestrol (DES) was purchased
every 16 bp replicated [10-13]. Additionally, sponta-  from Sigma, Saint Louis, MO.

neous oxidative damage to bases of DNA occurs over
time [10]. Indigenous mutation rates are estimated at
1 to 102 bp replicated [12]. Since DNA repair is time
dependent [10,12], it is reasonable to assume that a
reduction in cell cycle time should alter the DNA re-
pair capacity of cells. Recently, we reported that DES
stimulates the growth of Leydig cells and reduces
cell cycle doubling time [14]. Whether DES directly
or through a reduction of cell cycle period attenuates
DNA repair capacity of Leydig cells is not clear.

In this study, we used a host cell reactivation assay
to investigate the role of cycle time and/or effects of
DES on DNA repair capacity [15—-17]. This assay uses
plasmid DNA with a reporter gene under the control
of a specific promoter. When plasmid DNA is trans-
fected into host cells, the reporter gene (e.g. CAT)
is expressed. To test the DNA repair capacity of the
host cells, the plasmid DNA is first damaged so that
it cannot express a functional reporter gene product,

2.2. Céll preparation

Prior to treatment, the cells were cultured using
DMEM/F12 medium supplemented with 5% horse
serum and 2.5% fetal bovine serum [14]. The growth
medium was changed once every 2-3 days. Cultures
were subcultured by trypsinization at a ratio of 1:200
when cultures reached 75-80% confluence.

2.3. Host cell reactivation assay

We used the host cell reactivation assay as pre-
viously described by Wei et al. (1993) with some
modifications [15]. This assay utilizes a plasmid
with a reporter gene, which is then damaged by
either chemical or physical agents so the reporter
gene will not be expressed unless it is repaired. The

which is then transfected into host cells. This method damaged plasmid is then _tran_sfecte(_j into_host (_:ells
measures the DNA repair capacity as a total processand reporter gene expression is monitored over time.
that includes DNA repair activity along with the cell's We have used Promega’s pCRTControl plasmid.
ability to express the restored gene into a functional The pCAT® Control Vector contains SV40 pro-
protein product. The novel findings emerged from this moter and enhancer sequences, resulting in strong
study are that a reduction in cell cycle time correlated expression of CAT [19]. The plasmids were exposed
with the lowering of DNA repair; and stilbene estro- to 350, 700 and 2000 JAnUV-radiation. The ex-
gen exposure to Leydig cells inhibited DNA repair posure of these doses of UV-radiation, shown to
capacity. induce the formation of thymine dimers, inactivates
the expression of CAT gene. These plasmids were
designated as UV-damaged plasmids (UVPs). The
2. Materials and methods non-radiated plasmids were considered as undamaged
plasmids.
2.1. Materials
2.4. Plasmid transfection into Leydig cells
TM3-Leydig cells (CRL-1714) were purchased
from ATCC, Rockville, MD. Chemicals used were 3 h before transfection of the plasmids, the growth
mixed xylenes (Aldrich, Saint Louis, MO); scintil- medium was replaced. The transfection solution
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(10wg DNA, 37ul CaCl, 263ul water, and 30Qul 2.7. DNA repair capacity
Tris buffer per sample) was prepared and incubated
at room temperature for 30 min prior to transfection. In order to determine the percent DNA repair
A total volume of 0.6 ml per sample of transfection capacity, the functional CAT gene activity for the
solution was added dropwise while swirling the cul- various treatment conditions was converted to a ratio.
ture flask. Optimal transfection time was determined This was performed by dividing the CAT expression
by monitoring CAT activity every 4h. Upon com- value for the UVP minus the non-specific expression
pletion of the transfection, Leydig cells were washed value (NS, obtained from the sham treated flasks) by
three times with PBS, and then serum-free medium the expression value for the UDP minus the NS, and
containing the test compound was added. multiplied by 100. This formula is shown below:

Cells transfected with UV-damaged plasmids,
-undamaged plasmids (UDP), or no plasmids (sham DNA repair capacity%) = CAT expression ratio
treatment) were grown in serum, serum-free, or DES UVP — NS

plus serum-free medium. Cells were grown for 72 h. =~ UDP_nNS * 100

The ratio of CAT expression is proportional to
the total DNA repair that occurred over time under

Cells were lysed with a lysis buffer (1 ml per flask). the specific gi_ven con_dition. This method measures
The cells were incubated for 20 min at room temper- 1€ DNA repair capacity as a total process in which

ature. Cells were dislodged with a cell scraper, and N0t only the active DNA repair activity is measured,
then the extract and cellular debris were collected in Put also the cell's ability to express the restored

Eppendorf tubes. The samples then underwent one9€N€ iNto a functional protein product. The signifi-
freeze—thaw cycle with a minimum of 10 min at€5 cance of DNA repair activity was analyzed using the
The tubes were then centrifuged at 10,000 rpm for Student’d-test. Thex was set at 0.05 for the Student’s

3 min. The supernatant was then removed and storedtest:
at —70°C until assayed for CAT activity.

2.5. Cell extract preparation

2.6. CAT assay 3. Results

Cell extracts were removed from storage-at0°C Before carrying out DNA repair experiments,
and were thawed in a water bath at65for 10 min validation of transfection was determined by mea-

The reaction mixture consisting of 70 cell extract, ~ Suring the expression of pCAY plasmid in Leydig
10ul 3H-chloramphenicol (0.26Ci), 5ul n-butyl qells grown with _serum—freg medium over time. The
Coenzyme A, and 4@l distilled water was incubated time-dependent increase in the expression of CAT
for 3h. Termination of the assay was accomplished gene after transfection of pCAT into Leydig cells

by briefly spinning the reaction tubes, followed by the is shown in Fig. 1. The expression of the CAT gene
addition of 30Qul mixed xylenes. The tubes were then occurred in a log-phasic fashion in TM3 Leydig
vortexed for 30s. The organic and aqueous phasescells. Our transfection standardization findings are in
were separated by centrifugation at 10,000 rpm for agreement with the manufacturer’s published sensi-
3min. Of the aqueous phase, J¥Zbwas removed, tivity and limits of detection [19]. To test whether
placed into a fresh Eppendorf tube, and a {L0Tris the CAT gene contained within Promega’s p(@\T
buffer 0.25M, pH 8.0 was added. The tubes were plasmid was sensitive to damage by UV-radiation,
vortexed for 30s and centrifuged at 10,000 rpm for we conducted a series of experiments using various
3min. Then, an aliquot of 100! of the aqueous phase doses of UV-radiation (0, 350, 700, or 2000 3Jm
was transferred into a scintillation vial and 5ml of UV exposure produced a dose-dependent decrease in
scintillation cocktail was added. After vortexing, the the expression of CAT gene (Fig. 2).

samples were counted using a Beckman scintillation ~ The metabolic and proliferative activities differ bet-
counter. ween cells cultured with serum-supplemented medium
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Fig. 1. The time-dependent increase in the expression of CAT gene activity in Leydig cells under serum-free conditions. TM3 Leydig cells
were cultured under non hormone-supplemented serum-free conditions [14] and were transfected with a plasmid containing the CAT gene
under the control of the SV40 promoter using the manufactures protocol [19]. The CAT activity was measured using Promega’s CAT
assay kit [19]. Each value is the mean of three independent experiments. The bar represents standard error.

and those cultured with serum-free medium. We plasmid transfected cells grown with serum (Fig. 3).
compared the DNA repair activity in cells grown in  The CAT activity ratio between undamaged and
serum-containing and serum-free media. A compari- UV-damaged plasmid transfected cells indicates the
son of CAT expression between serum-free cells and total DNA repair capacity. The serum grown cells
serum grown cells revealed an increase in CAT ac- that have a shorter cell cycle tim&{6 h) showed a
tivity in UV-damaged (45%) and undamaged (79%) 40% lower DNA repair capacity when compared to
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Fig. 2. The effect of different doses of UV-radiation on the expression of the CAT gene activity. TM3 Leydig cells were cultured under
non hormone-supplemented serum-free conditions [14]. TM3 Leydig cells were transfected with plasmids exposed to 0, 350, 700, or
2000 J/m UV-radiation. The CAT activity was measured using Promega’s CAT assay kit 72 h after transfection [19]. Each value is the
mean of three independent experiments. The bar represents standard error.
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Fig. 3. The effect of serum-supplemented medium on the expres-

sion of CAT activity in UV-damaged and undamaged plasmid
transfected Leydig cells. TM3 Leydig cells were transfected with
plasmids exposed to 0, or 700 ¥rvV-radiation. TM3 Leydig
cells were cultured with and without serum for 72h [14]. The
CAT activity was measured using Promega’s CAT assay kit 72h
after transfection [19]. Each value is the mean of four to six in-
dependent experiments.

serum-free cells with a longer cell cycle tini=Z5 h)
(Fig. 4).
The effect of DES exposure on CAT expression in

both UV-damaged and undamaged p@k‘blasmid
transfected cells is shown in Fig. 5. The reduction
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Fig. 4. The effects of serum and serum-free medium on the DNA

repair capacity of Leydig cells. TM3 Leydig cells were transfected
with plasmids exposed to 0, or 700 J/tdV-radiation. TM3 Leydig

cells were cultured with and without serum for 72 h [14]. The DNA
repair capacity was calculated as described in the material an
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Fig. 5. The effect of DES on the expression of CAT activity in
UV-damaged and undamaged plasmid transfected Leydig cells.
TM3 Leydig cells were transfected with plasmids exposed to
0, or 700J/A UV-radiation. TM3 Leydig cells were cultured
without serum for 72 h [14]. The CAT activity was measured using
Promega’s CAT assay kit 72 h after transfection [19]. Each value
is the mean of four to six independent experiments.

of CAT activity in UV-damaged plasmid transfected
cells by DES occurred in a dose dependent man-
ner. A maximum inhibitory effect was observed with
100 ng/ml (72.87%) followed by 1ng/ml (57.66%)
and 1 pg/ml (25.28%) of DES, respectively. The levels
of the CAT activity in undamaged plasmid transfected
cells in the presence of DES revealed that 1pg/ml
and 1ng/ml DES treatment did not alter CAT activ-
ity significantly. However, we did observe inhibition
in CAT activity by 100ng/ml DES. A significant
decrease in the DNA repair capacity of the Leydig
cells exposed to DES was observed when compared
to the activity of untreated cells grown in serum-free
medium P < 0.05). The DES effect on DNA repair
of Leydig cells was dose dependent (Fig. 6). Re-
cently, we reported that DES stimulates the growth
of Leydig cells and lowers cell cycle doubling time
[14]. When the DNA repair capacity was compared
to that of cell cycle doubling time or S-phase cell
entry in both untreated and DES treated cells, the
q observed decreases in DNA repair by DES did not

method section. Each value is the mean of four to six independent Parallel the effects observed on cell cycle kinetics

experiments.

(Fig. 7).
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Fig. 6. The effects of DES on the DNA repair capacity of Leydig
cells. TM3 Leydig cells were transfected with plasmids exposed
to 0, or 700J/rA UV-radiation. TM3 Leydig cells were cultured
without serum for 72h [14]. The DNA repair capacity was cal-
culated as described in Section 2. Each value is the mean of four
to six independent experiments. The bar represents standard error.
*P < 0.05 indicates significant difference from controls.
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Fig. 7. The correlation of DES induced reduction of DNA repair
capacity Leydig cells with changes in cell cycle time and S-phase
cell entry. Cell cycle time and S-phase cell entry detection using
flow cytometry were determined as described previously [14].
TM3 Leydig cells were transfected with plasmids exposed to O, or
700 J/n? UV-radiation. TM3 Leydig cells were cultured without
serum for 72h [14]. The DNA repair capacity was calculated as
described in Section 2. Each value is the mean of four to six
independent experiments.
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4. Discussion

The major findings of this study are that exposure

of Leydig cells to stilbene estrogen inhibited DNA

repair capacity, and a reduction in cell cycle time cor-
related with the lowering of DNA repair capacity in

the absence of DES. The data presented here are novel
and intriguing as they may provide a molecular mech-

anism of stilbene estrogen-induced genomic instabil-
ity in Leydig cells through inhibition of DNA repair
capacity. This may also provide a mechanism of in-
corporation for genetic alterations in Leydig cells by
estrogens.

The mechanism of inhibition of DNA repair capac-
ity by stilbene estrogen in Leydig cells is not clear.
DES may inhibit the DNA repair system directly
through DNA repair gene regulation. For example,
DES exposure to Syrian hamster inhibits the mRNA
expression level of DNA polymerasg [1]. Since
DNA polymerasep is known to play an important
role in the DNA repair system, any reduction in the
formation of this protein would result in a reduction
of DNA repair capacity. In addition, DES can re-
dox cycle and produce reactive metabolites. These
DES reactive metabolites may directly inhibit and/or
damage the reporter gene (CAT) which, in turn, may
inactivate expression of the gene product. We can
not rule out that this is a likely mechanism because
inhibition of DNA repair capacity by DES was dose
dependent. DES mediated reduction in cell cycle time
or stimulation of cell proliferation and S-phase cell
entry did not correlate with dose dependent inhibition
of DNA repair capacity.

Indigenous mutation rates are estimated at 1 to
10" bp replicated [12]. As observed in this study,
the addition of DES resulted in a decrease of 44%
in DNA repair capacity. If a 44% reduction of DNA
repair capacity was assumed, then the average num-
ber of somatic cell mutations would be augmented
from an average of 1-1.77 per cell cycle. Based on
the Hayflick limit, somatic cells can typically divide
an average of 50 times in their life span [20]. If an
exposure from cell differentiation to cell senescence
were assumed, then the total number of mutations as-
sociated with replication errors in the normal life span
of a cell would increase from approximately 50 to 88.
While this is a moderate increase in mutations, it is
more significant when it occurs in combination with
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ability of DES to induce cell proliferation. This may
account for the generation of an adequate amount of
alterations in the genome of target organs required for
the development of stilbene estrogen tumorigenesis.

5. Summary

The stilbene estrogen DES inhibits Leydig cell DNA
repair capacity. The ability of DES to decrease DNA
repair may not be solely due to their mitogenic activ-
ity. Findings of this study may help in the understand-
ing of the molecular mechanism of genetic instability
in Leydig cells induced by natural and environmental
estrogens.
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