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Abstract

A caprine luteal cell line (tsCLC-D) that synthesizes progesterone (P4) was established following

by transformation with a temperature-sensitive A209 (tsA209) mutant of simian virus 40 (SV40). The
transformed cells have temperature-sensitive for morphology, cell propagation and progesterone
steroidogenesis. At the permissive temperature of 34°C, these cells were spindle-shaped and grew with
a similar rapidity as tumor cells. However, at the nonpermissive temperature of 40°C, the cells have
exhibited a round shape and ceased to proliferate because the gene for maintenance of transformation
was not expressed. The tsCLC-D cell line responds to 8-Br-cyclic AMP, 22-hydroxycholesterol and
pregnenolone treatment with an increase in progesterone biosynthesis. This cell line still express StAR
protein, 33-HSD and P450scc enzyme of three kinds of steroidogenic protein and enzymes, this
characteristic is similar to normal luteal cell. However, the addition of any doses oLH did not increase
progesterone secretion. We speculate that tsCLC-D might lose the responsiveness to gonadotropins
during the immortalization process, while retaining steroidogenic enzyme activity and progesterone
production. To our knowledge, this is the first report of a stable cell line derived from corpus luteum of
ruminant. The tsCLC-D retains steroidogenic capacity, which will make this cell line useful for the

studies of regulation of steroidogenesis.
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Introduction

The corpus luteum plays a critical role in the
maintenance of pregnancy in mammals. During the
estrous cycle, the cells of preovulatory follicles
undergo rapid morphological and functional changes
to become luteinized. Although primary luteal cell
culture is a useful tool for the study of molecular
mechanisms of lutenization and luteolysis in vitro,
their isolation is time-consuming, and there is
considerable heterogeneity between preparations. In
addition, primary cells can be subcultured only for a

finite number of times because of their limited life
span in vitro (18, 22).

Sugino et al. (1998) have reported that the
establishment of an immortalized rat luteal cell line
(GG-CL) by infection of luteal cells with the SV-40
tsA209 mutant virus (20). This cell line lacks
steroidogenic capability, gonadotropin response and
steroidogenic enzyme expression. The establishment
of a luteal cell line which shows both active growth
and the inherent function of steroidogenesis would
be most beneficial (9-11, 21). In recent years, our
laboratory has attempted to circumvent the primary
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culture limitations by establishing stable steroidogenic
luteal cell lines.

A temperature-sensitive mutant of SV40 allows
the expression of large T antigen to be controlled by
changes in temperature (11, 15, 16). We report here
the successful establishment of such a cell line, which
has been designated tsCLC-D. The cell line exhibited
temperature-sensitive characteristics in growth and
morphology at nonpermissive temperatures and
retained steroidogenic capacity. The present data
confirms that the observations made in the primary
luteal cell cultures and attest to the great potential of
a temperature-sensitive luteal cell line in the study of
luteal cell differentiation and mechanisms of
steroidogenesis.

Materials and Methods

Reagents and Hormones

Medium 199, Hank’s balanced salt solution
(without Ca%* and Mg2+), penicillin G, trypsin-EDTA,
streptomycin sulfate, fetal calf serum (FCS) and trypan
blue stain were purchased from Invitrogen (Carlsbad,
CA, USA). Collagenase (type I) was obtained from
Worthington Biochemical Corporation (Lakewood,
NJ). Ovine luteinizing hormone (NIDDK-oLH-I-3)
was kindly provided by the National Institutes of
Health, Bethesda, MD, USA. 8-bromo-cyclic AMP
(8-Br-cAMP) and other general chemicals were
purchased from Sigma Chemical Co. (St. Louis, MO,
USA). Pregnenolone (AsP) and 22-hydroxycholesterol
(22R-OHC) were purchased from Steraloids, Inc.
(Newport, RI, USA).

Animals and Tissue Preparation

Adult (1-3 years) female crossbred Taiwan
native goats were maintained in the controlled
environment. The goats were in sound state of health
and demonstrated normal pattern of estrous cycle.
Blood samples were obtained from each animal daily.
Serum was stored at -20°C. Adult females with
regular estrous cycles were also checked daily to
define the phases of the cycle as detailed subsequently.
Serum progesterone concentration was measured by
enzyme immunoassay. Day 1 of the estrous cycle was
defined as the first day of low serum progesterone
(less than 2 ng/ml) following by the midcycle peak
progesterone. Ovaries (n = 3) were surgically obtained
from goats in spontaneous estrus at estrous cycle
(days 9-12). Corpora lutea were dissected out, washed
thoroughly with cold PBS to remove excess blood and
placed immediately into cold Medium 199 (M199)
containing 100 U/ml of penicillin and 100 ng/ml of
streptomycin. One gram of corpus luteum was sliced

and dispersed with mild stirring in 5 ml of Hank’s
balanced salt solution using collagenase (400 U/ml)
and DNase I (200 U/ml). The dispersed cells were
washed three times with medium, filtered through a
nylon mesh (diameter 63 um) to remove undigested
clumps, and centrifuged at 200 x g for 5 min at 4°C.
Cell pellets were gently resuspended in M199
supplemented with glutamine (single-strength), a
double-strength antibiotic-antimycotic solution,
0.1% insulin and 5% fetal bovine serum. Cell viability
was approximately 85-90% as determined by the
trypan blue dye exclusion method. The yield of luteal
cells from 1 g of tissue ranged from approximately
13-15 x 107 cells depending on the degree of digestion.

Preparation and Culturing of the Transformed Cell Line

A primary culture of goat luteal cells was grown
in T-25 cell culture flasks (Costar, Cambridge, MA,
USA). Monolayers were incubated in M199 containing
5% fetal bovine serum at 37°C until the cells attached
to the flasks (approximately 24 h). Non-adherent
cells were removed by aspiration. The cultures were
rinsed once with medium and infected with 0.5 ml of
medium containing tsA209 at a multiplicity of
infection of 10. After exposure to the virus for 2 h at
34°C, 5 ml of medium was added to the flask. The
infected cells were further incubated at 34°C and the
medium was changed twice weekly until the cell
clones were formed. Clones identified by visual
observation were isolated with sterile, stainless steel
cylinders. Trypsin-EDTA was added to the cylinders
to remove the clones. The cells from each clone were
grown in separate T-25 flasks until a sufficient number
of cells were obtained for freezing, further screening,
and characterization. The cell lines were further
cloned by serial dilution to obtain a single, pure cell
line. After initial screening for positive responsiveness
to 22R-OHC, a clone designated “tsCLC-D” was
subjected to further characterization.

Morphology and Cell Growth Properties at Different
Temperatures

Cell culture morphology was determined at 400
x magnification using an inverted phase-contrast light
microscope. Six T-25 flasks were seeded with tsCLC-
D cells and cultured at 34°C. Photomicrographs were
taken 2 days later. After having attained 80%
confluence, all the flasks were shifted to 40°C for 3
days and then back to 34°C for 3 days, with daily
changes of medium. Microscopic assessment was
again conducted at that time.

Culture morphology was compared for cells
grown at 34°C or 40°C to demonstrate the presence
and maintenance of transformed phenotype. Cells
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were routinely maintained in M199 containing 5%
fetal calf serum plus 100 units/ml penicillin and 100
ug/ml streptomycin in the presence of 5% CO, at
34°C. After reaching confluence, cells were treated
with 0.25% trypsin-EDTA. Cell growth rates at two
culture temperatures 34°C and 40°C were also
determined. Equal amounts of cells were seeded from
stock cultures into 90 T-25 culture flasks. The flasks
were assigned randomly to be incubated at either
34°C or 40°C. Each day, three flasks from each group
were used to generate cell counts. After seven days of
incubation, half of the flasks at 40°C were shifted to
34°C. Cell counting was continued, with three flasks
from each of the four groups counted daily. The
culture medium in the remaining flasks was changed
daily.

Treatment of Cells with Pharmacological Agents

Half milliliter of the culture medium with
equal distribution of the cells were plated in 48-well
culture plates (10° cells/ml) at 34°C for 24 h and then
shifted to 40°C. Vehicle, 8-Br-cAMP, 22R-OHC or
pregnenolone at different dose were added to wells at
the time of the temperature shift. All measurements
for each treatment was performed in triplicate and the
medium was collected after incubation for 24 h. The
accumulation of progesterone in the culture medium
of tsCLC-D cells was determined by ELISA.

Immunoblot Analysis

Primary goat luteal cells and tsCLC-D cells
were harvested following incubation at appropriate
temperatures for 24 h. Then they were re-suspended
in cold lysis buffer and whole cell extracts were
prepared. Samples containing 50 ug proteins were
individually loaded on a 12% SDS-poly-acrylamide
gel for electrophoresis (SDS-PAGE). Following
electrophoresis, the separated proteins were electro-
transferred to a polyvinylidene fluoride membrane.
The membrane was pre-incubated overnight at 4°C
in PBS containing 0.05% Tween-20 (PBST) and 5%
fat-free milk, prior to incubation with appropriate
amounts of steroid acute regulatory (StAR) protein
polyclone antibodies (12), P450 side-chain cleavage
enzyme (P450scc) and 3B-hydroxysteroid dehydro-
genase (3p-HSD) antibodies (6) in PBST-fat-free
milk at room temperature for 1 h. After four washes
with 15 ml PBST, the membrane was incubated with
a 1:5000 dilution of corresponding antimouse
peroxidase-conjugated IgG for 1 h. The membrane
was washed again with PBST, and bound antibodies
were visualized by the ECL system (Amersham
Pharmacia, Piscatawy, NJ, USA) using Kodak X-
OMAT film (Eastman Kodak Co., Rochester, NY,

USA). Monoclonal mouse anti-large T antigen,
monoclonal mouse anti-goat $-actin and secondary
antibody were purchased from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA, USA).

Progesterone Assay

The progesterone assay was modified from a
direct enzyme immunoassay (23). The G7 monoclonal
antibody against progesterone was prepared as
previously described (8). G7 is an IgM with specific
affinity of 1.1 x 10" x M™". Its cross-reactivity is less
than 0.01% with bovine serum albumin or other
steroids including pregnenolone, testosterone,
estradiol, and estrone.

For the assay, the medium collected after the 24
h treatment period was stored at -20°C until assayed.
Aliquots (50 ul) of diluted medium and horseradish-
peroxidase-linked-progesterone conjugate (150 ul) were
added to microtiter plates coated with 200 ul of G7
(representing a 1 : 40,000 dilution). After incubation
at room temperature with gentle shaking for 15 min
and three washes with Tween-20 in 0.01 M phosphate
buffer, pH 7.0, the color was developed with 200 ul of
3.7 mM o-phenylenediamine in 0.03% H,0, for 15
min. The reaction was stopped by the addition of 50
ul of sulfuric acid. The absorbency of samples, read
with a dual wavelength reader (Dynatech) (490/630
nm), was compared with that of the progesterone
standard curve. The coefficients of variation within
and between assays were 7% and 12%, respectively.
The sensitivity of the assay was 0.3 pg/ml.

Statistical Analysis

Each experiment was repeated for a minimum
of three times and the mean and standard error of the
mean (SEM) of one experiment with identical results
was used to express the concentration for each
determination. Measurements of progesterone were
expressed as ng/ml/10° cells. The effect of hormonal
stimulation and dose response of oLH, 8-Br-cAMP,
22R-OHC and pregnenolone on progesterone content
were analyzed using analysis of variance (ANOVA),
followed by Duncan’s multiple comparison (5). P <
0.05 values greater than this to be significantly.

Results

Growth Curve of tsCLC-D Cells at the Permissive (34°C)
and Nonpermissive (40°C) Temperatures

We observed the colonies (A to Z) after transfection
with a temperature-sensitive mutant of SV40. After
initial screening for positive responsiveness to 22R-
OHC, one of the clone (tsCLC-D) was chosen and
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Fig. 1. Growth curve of tsCLC-D cells at the permissive (34°C)
and nonpermissive (40°C) temperatures. At 34°C, cells
rapidly divided and became confluent, whereas the cells
moved to 40°C ceased to divide and were able to grow
only as a monolayer.

grown at 34°C for further characterization. Propagation
to 150 passages did not affect the cell growth rate at
34°C, confirming the stability of this cell line. To
demonstrate that the tsCLC-D cells were indeed
temperature-sensitive, cells were plated at a density
of 7.5 x 10° cells per flask in a 25-cm? tissue culture
flask and cultured at 34°C for 12 days. Cells were
also cultured at 34°C for 4 days and were than shifted
to 40°C to be cultured for 8 days. Cells were harvested
at each time point and counted by the trypan blue dye
exclusion method.

The results show that cells grow rapidly at 34°C
and cell numbers continuously increase. However,
after temperature shift to 40°C, cells cease to divide

(Fig. 1).

Morphology of tsCLC-D Cells at the Permissive (34°C)
and Nonpermissive (40°C) Temperatures

As shown in Fig. 2, tsCLC-D cells exhibited
remarkable morphological differences when grown at
34°C compared with those grown at 40°C. At the
permissive temperature (34°C) the cells assumed a
spindle shape. After culture for two days at nonpermissive
temperature (40°C), the cells resumed a rounded shape.

Immunoblot of Primary Caprine Luteal Cells and the
Transformed Cell Line

The representative expression of SV40 large T
antigen, StAR protein, P450scc and 3 B-HSD enzymes

Fig. 2. Morphology of tsCLC-D cells at permissive (34°C) and
nonpermissive (40°C) temperatures. At the permissive
temperature (A) the cells assumed a spindle shape. After
culturing for two days at nonpermissive temperature
(B), the cells resumed a rounded shape (— 45 wm).

by tsCLC-D cells is depicted in the Western blot shown
in Fig. 3. The levels of expression of large T antigen
were analyzed at both nonpermissive (40°C) and
permissive (34°C) temperatures. At 34°C, the level
of large T antigen protein was higher than that at 40°C.
In the results of steroidogenic protein expression, the
expression of StAR protein or P450scc is all obviously
lower than that of the primary luteal cell, no matter
under the culture temperature of 34°C or 40°C.
However, the 33-HSD does not have significant dif-
ference.

Effects of Different Regents and Hormones on Progester-
one Secretion by tsCLC-D Cells

Progesterone secretion by tsCLC-D cells during
24 h of incubation at 40°C with oLH, 8-Br-cAMP,
22R-OHC and pregnenolone is shown in Figs. 4 and
5. In the absence of hormonal stimulation (control),
basal progesterone concentration was 5.4 + 0.6 ng/ml.
Furthermore, either 8-Br-cAMP (10-100 uM), 22R-
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Fig. 3. Western blot of immunoreactive large T antigen, StAR,
P450scc and 3B-HSD from primary caprine luteal cells
and the transformed cell line (tsCLC-D) incubated at
different temperatures (34°C/40°C) for 24 h. A: primary
carpine luteal cells; B: tsCLC-D at 40°C for 24 h;
C: tsCLC-D at 34°C for 24 h.

OHC (100-500 ng/ml) or pregnenolone (100-500 ng/
ml) to the cells in culture all showed various degree of
stimulated progesterone secretion above control
levels. However, the addition of any doses oLH did
not increase progesterone secretion. Even if the cell
line puts and still stimulates the result which secretes
progesterone to 8-Br-cAMP incubation at 34°C. This
result shows that temperature has not totally changed
its steroidogenic ability.

The effect of the addition of 22R-OHC and
pregnenolone as a substrate for progesterone synthe-
sis by tsCLC-D is shown in Fig. 4. High levels of
progesterone were found in tsCLC-D cells, after 24 h
in culture with either 22R-OHC or pregnenolone. The
addition of 100, 500 and 1000 ng/ml 22R-OHC elevated
the levels of progesterone 4-10 folds versus control.
The addition of 100, 500 and 1000 ng/ml pregnenolone
induced a 4-6 folds increase versus control.

The effect of cAMP on progesterone synthesis
by tsCLC-D is shown in Fig. 5. cAMP at 10, 100 and
1000 uM induced 2-2.5 folds increases in progesterone
synthesis, respectively, versus control after 24 h of
incubation.

Discussion

In view of the increasing need for goats in
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Fig. 4. Effect of different doses of 22-hydroxycholesterol and
pregnenolone on progesterone secretion by tsCLC-D
cells. Cells were cultured for 24 h in the presence or
absence of 22-hydroxycholesterol or pregnenolone at
the nonpermissive temperature (40°C). Data are ex-
pressed as ng of progesterone per ml of culture medium.
Each bar represents the means = SEM of triplicate
samples. Bars with different letters are significantly
different from each other (P < 0.05).
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. Dose response of 8-Br-cAMP or ovine LH on progester-
one secretion by tsCLC-D cells. Cells were cultured for
24 h in the presence or absence of 8-Br-cAMP or ovine
LH at the nonpermissive temperature (40°C). Data are
expressed as ng of progesterone per ml of culture medium.
Each bar represents the means = SEM of triplicate
samples. Bars with different letters are significantly
different from each other (P < 0.05).

biomedical research, it is desirable to develop
appropriate caprine-specific cell culture models that
could prevent or significantly reduce the increasing
use of primary cultures and experiments with living
animals (13, 19). Luteal cells not only are essential
for the control of hormone-dependent processes, such
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as the ovarian cycle and pregnancy, but also linked
with many reproduction disorders. For this reason it
is of great interest to know more about control
mechanisms existing in these luteal cell types and the
effect of pharmacological or toxicological agents on
them.

To our knowledge, the present study reports
about the first successful development of a cell line
originating from the luteal cells of the caprine corpus
luteum that retains steroidogenic function. Luteal
cells are terminally differentiated and fail to proliferate
in the primary culture. Their transfection with a
temperature-sensitive mutant of SV40 endows these
cells with the ability to grow in an unrestricted manner
(1, 17). The temperature-sensitive mutants of SV40
are defective in the gene required for the maintenance
of the transformed phenotype in mammalian cells
(14). Therefore, the ts-SV40 infected luteal cells are
conditionally transformed cells, and express the
transformed phenotype and large-T antigen
accumulation at the permissive temperature (34°C).
At the nonpermissive temperature (40°C), these cells
revert to their normal morphology and produce high
level progesterone. This marked morphological and
functional difference allows the use of these cells (4).

Our data show that a very high proportion of
SV40 Tag-immortalized cell lines retained ste-
roidogenic functions such as basal and cAMP-stimulated
progesterone secretion and also exhibit the characteristic
rounding response of steroidogenic cells to 22R-OHC
and pregnenolone. Interestingly, treatment with ovine
luteinizing hormone did not increase progesterone
biosynthesis in this cell line. Although the tsCLC-D
cells did not respond to oLH, the cells were responsive
to larger doses of cAMP, 22R-OHC and pregnenolone
and increased rapid in the accumulation of progesterone.
Sugino et al. (1998) have reported a temperature-
sensitive SV40 transformed rat luteal cell line that
also lacks of gonadotropin receptors but retains many
of the cell-specific elements encountered in the primary
cells of origin (20). It is unclear why this cell line
loses gonadotropin receptors (2, 9). Perhaps this is a
species-specific difference relative to the replica-
tion capacity of the cells. This unique feature de-
mands further investigation, which the cell line after
further scrutinizing can be used as a model to study
steroidogenesis and regulation of progesterone
biosynthesis in vitro.

In conclusion, we have established a stable
caprine luteal cell line. The tsCLC-D are the stable
cell line since it has been grown continuously for at
least 150 passages in culture. Characterization showed
this cell line has lost the ability to respond to
gonadotropins but has retained basal and regulated
progesterone biosynthetic capability. Although this
cell line does not express a number of desirable

differentiation properties, it does exhibit steroidogenic
enzyme activity and maintains steroidogenic potential.
We believe that this cell line will provide a valuable
tool for the investigation of the regulation of
steroidogenesis in a non-rodent system, and may
prove useful for studies of the mechanisms that control
steroidogenesis in luteal cells. Immortalization
protocols for ovarian cell types of pigs (3) and rats
(7) have been developed. All cell lines established so
far have been examined with regard to the maintenance
of known, tissue-specific features (e.g. hormone
responsiveness and enzyme expression). The re-
sults obtained indicate that it is worthwhile cloning
and characterizing the cell lines and more detail
investigation is necessary so that they may be used as
a defined test system both for basic research, and for
pharmacological or toxicological screening.
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