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INTRODUCTION -

"A hormonal regulation of the cell cycle has been studied by many
investigators!-1V and Epifanova'? demonstrated that estrogen accelerates
the cell cycle of the target tissue. However, the effects on non-target
tissues remain to be elucidated. Although the kidney is primarily a
non-target tissue of estrogen, it was shown by Kirkman et al!3-1» that an
estrogen-dependent kidney tumor can be induced by repeated injection of
diethylstilbestrol (DES) a synthetic estrogen to male Syrian hamster. The
present investigation was motivated by a successful culture in vitro'® of
the DES-induced renal carcinomaof Syrian hamster which has been
serially transplanted in ascites form in DES-treated animals. As will be
detailed elsewhere!®, the growth of the culture has been maintained in the
medium without estrogen.

This paper describes cell-kinetic aspects of hormone actions on the
tumor using this culture line. The use of cell culture has definite advantage
over the in vivo experiment because indirect effects which are manifested
through endocrine glands of host animals can' be .excluded. - However, a
longcontinued growth of cells under the influence of hormone leads to
acclimatization with resultant biochemical, cytological, or. genetic changes
in the cells of object due to induction, selection, or mutation. On the other
hand, a sudden transfer of the culture to a new culture medium containing
hormone will perturb the cell population and will generate a transient state
to which none of the present day methods!®2D of cell cycle analysis is
applicable. In this investigation, an approach was made to the problem by
resolving the latter difficulty using a recently developed computer program
for the transient state FLM curve analysis?® which is a modification of
Takahashi-Hogg-Mendelsohn program??. Also will be discussed the mode
of cell loss under the influence of high dosis of DES.
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MATERIALS AND METHODS

Using cell "culture of DES-induced renal carcinoma, four series of
experiment with four different concentrations of DES in the medium were
performed and the data of the fraction of labeled mitoses, population
doubling time, and labeling index were obtained.

Cell culture; The cell was derived from the DES dependent renal
carcinoma which was induced in male Syrian hamster by repeated
subcutaneous injection of diethylstilbestrol and was transformed to ascites
tumor. The ascites tumor had been transplanted for 40 generations before
it was cultured in vitro. The nutrient medium was Ham’s Fi22® supple-
mented with 10% calf serum and 0.06 mg/1 Cephamedine but without
addition of any hormone. The cells formed monolayer in TD40 flask.
Subcultures were made at about 7-day interval by trypsinization and the
cells were in an almost exponential growth phase most of the time. The
following experiments were performed after maintenance of the culture
for 640 days.

H3-thymidine containing medium: Ham’s F12 deprived of thymidine
was prepared and H3-thymidine (The Radiochemical Center, Amersham,
specific activity 2.0 Ci/mM) was added to a final concentration of 0.25 .Ci/
ml.

DES containing medium: Dipotassium-diethylstilbestrol-disulfate (DES-
dps) (Hokuriku Pharmaceutical Co., Ltd.} a water soluble derivative of DES
was used. However, a word DES will be used for DES-dps for ease of
description. Media with four different DES concentrations were prepared:
(1) DES free (control), (2) 3.79 mgDES/dl, (3) 7.58 mgDES/dl, (4)11.37
mgDES/dl.

Plating on slide glass: When cells were spread entirely over the
surface of TD40 flask, they were harvested by scraping with rubber
policeman. In each series of experiment, cells from 8 flasks were evenly
plated on 16 plastic Petri dishes (¢ 10 cm) in which two sheets of slide
glass were laid. The cultures were incubated at 37°C in a humidified
atmosphere of 5% CO, and on 5 th day the cultures were used for ex-
periment: one for measurement of population doubling time and 15 other
dishes for the fraction of labeled mitoses (FLM).

FLM experiment: Cultures were pulse-labeled in H3-thymidine
medium for 20 min and washed twice with pre-warmed (—) PBS. Then,
the slides were transferred into DES medium. After variable time intervals
the slides were taken out in succession and fixed in ethanol-acetic acid (3:1).
The total time of sampling after pulse labeling was extended to about
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50 hours. After 12 hour fixation, the slides were rinsed in running water.
For autoradiography, the slides were dipped into liquid emulsion (Type
ET2F, Fuji Photo Film Co., Ltd.). The coated slides were exposed for 7
days at 4°C in a refrigerator. The autoradiographs were developed and
stained with hematoxylin and eosin. For the construction of FLM curves,
at least 100 mitoses were observed in each sample and those having more
than 5 grains were scored as labeled mitoses.

Labeling index: The ratio of labeled cells to total cell population was
also measured from a score of at least 10,000 cells.

Doubling time: Population doubling time was determined in exponen-
tial growth phase by cell counts performed at intervals of 0, 24, 44, and
72 hours. Slides on each of which 8 circles of approximately 0.5 cm in
diameter were marked with glass pen were used for this purpose. Total
number of cells that are present within these circles were counted by an
inverted microscope.

Analysis of FLM data: Two different versions of computer program
were used; the one is Takahashi-Hogg-Mendelsohn program which is for
a steady state population and the other is for a transient state of growth.
Four data sets of FLM’s for different DES concentrations were analyzed
using both programs to see how important is the use of appropriate
program.

RESULTS

Cell cycle: The FLM data from experiments were shown in Table 1.
The extracted parameters of the cell-cycle are shown in Table 2. The
parameters extracted using previous program are in the parenthesis.
The generation time Tc¢ obtained by the new program was almost equal to
Tec calculated by the previous program but the new program remarkably
shortened the length of G1 phase when compared to the previous program.
In contrast, Ts and T, were slightly over the values obtained by previous
program. Figures 1-4 illustrate the data points and fitted curves where the
confidence interval due to binomial error of sampling was indicated by a
vertical line through the data point and each curve is the best fit based
on the computer analysis. The solid line is the curve that was fitted
using transient-state oriented method and dotted line was based on the
previous program.

Both curves fitted by different programs run very closely although the
parameters associated with them were remarkably different. When DES
was added in concentrations of 7.58 mg/dl and 11.37 mg/dl, the data were
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scattered considerably. A systhematic deviation of the curve from the data
around the second and third waves was noted and this deviation was
increased with rising DES concentrations. In the neighborhood of the
second wave the actual data tended to precede the synthetic curve while
the synthetic third wave was above the data points. Biological slgmflcance
of these deviations will be discussed later. _

Mean cycle time T¢ was remarkably reduced with increasing DES
concentration. The phase that contributed most to this reduction was G1
phase and Tg; was shortest with 7.58 mgDES/dl. With higher dosis of
DES, Ts was also decreased, but to the contrary, T s was increased.

Table 2. Cell cycle parameters

DES | Ta Toz ™ | Te
Comtrol | (12871, | 1L ?%é G085 | a9 | BLoon
s.tomesat | 50, ] B | &% | &l &
Tesmg/d | @30 | G0 | &% | G | arsm
1.7 mg/al | 34 ‘ G | Gom | @ | (80
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Fig. 1. FLM Analysis of Control Culture
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[.0r 5 (DES : 3.79 mg/d¢)

0 0 20 30 40 50
Hours after Labeling

Fig.B2. FLM Analysis of DES-Stimulated Culture

1.0 3 (DES : 7.58 mg/d¢)

o) 10 20 30 40 50
Hours after Labeling
Fig. 3. FLM Analysis of DES-Stimulated Culture

1.0 (DES 11.37 mg/d¢)

0 10 20 30 40 50
Hours after Labeling

Fig. 4. FLM Analysis of DES-Stimulated Culture
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Doubling time: Growth of cultures in various concentrations of DES
are summarized in Table 3. The figure in each parenthesis is the ratio of
cell number at time t, N(t) to the initial cell number N(0). Using a relation

N (t) = N(0)ebt,
the growth rate b was calculated for each t and b’s at different t's were
averaged for each set of experiment. The actual doubling time Td was
calculated by
in2
b
As shown in Table 4, the doubling times were slightly less than that of

control culture but their relation to DES concentration was not so clear as
the phase lengths.

Ta =

Table 3. Growth of cell population

DES 0 hr 24 hr 44 hr 72 hr

Control 1671(1.00) | 2410(1.44) | 3332(1.99) | 4293(2.57)

3.79 mg/dl 3310(1.00) | 5267(1.59) | 7401(2.24) | 10301(3.11)

7.58 mg/dl 2702(1.00) | 4472(1.67) | 5849(2.16) | 7372(2.73)

11.37 mg/dl 3048(1.00) | 4923(1.62) | 6759(2.22) | 9976(3.27)

Cell loss: The cell loss factor ¢ was calculated according to Steel’s
method?®
pot

=1 - Td
Td

where T4P° is the potential doubling time. The potential doubling time
was calculated by

pot 3 Ts
Ta A i
and putting this into
_ T In 2 _ In 2
A= —Ts{exp[ 7 (Tea+Ts)] —exp (=5~ Tczl}

/ isrenewed. The process was iterated until T was stabilized. With a
certain reservation T converges to T¢P%- The results of calculation were
included in Table 4.
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-Table 4. Labeligg index, Doubling time, Cell loss factor ¢ and Growth fraction

DES L1 Td Tde | ¢ G.F.
—_— , i | ,
Control 0.249 47.208 42.761 | 0.004 0.606
|
3.79mg/dl | 0.249 38.800 42.842 | —0.104 0.475
7.58 mg/dl | . 0.249 39.619 28.622 | 0.278 0.521
11.37 mg/dl | 0.249 38.124 20.728 0.194 0.582

Growth fraction: Growth fraction (G. F.) was calculated by Mendelsohn’s
method?®

Lébeled cells y Labeled mitoses
100 cells 100 mitoses

Labeled cells

= Growth fraction

where abeled mitoses

is the labeling index and L

100 cells 100 mitoses
approximated by ?S, As shown in Table 4, the growth fractions

increased with rising DES concentratlon but was not over the value of
control. :

DISCUSSION

A quantitative analysis on direct effects of drugs, hormones, radiations
or other agents to the cell cycle is difficult, primarily because current
methods of data analysis is not applicable to a transient state of growth
such that follows a perturbation of the cellular system by these agents.
The outstanding point of the present investigation is a challenge against
this problem by the use of a transient-state-oriented method of FLM
analysis.

A culture that has been propagated continuously in an estrogen-free
medium may be regarded as being in a steady state. By the addition of
hormone, however, the cell population is shift towards a new steady state
so that the population is in a transient state intermediate between the two
steady states. Prerequisite to this analysis is the extraction of cell-cycle
parameters from the estrogen-free culture. This is not only to obtain
control data but to initialize the transient state FLM analysis by determin-
ing age distribution before treatment. Although the details will be
described elsewhere?®, the program synthesizes a transient state FLM
curve starting with the steady state age distribution and progressing with
new parameters and then optimizes the parameters by way of a search for
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the best-fitting FLM curve with iteratively changing parameters.

A configuration of the transient state FLM curve is by no means
different from the curve for the steady state population and the same FLM
data are fitted equally well by either model. However, the parameters
associated with it may be different depending upon which one of the model
is adopted. The present investigation has demonstrated that it was
actually the case and that a choice of the appropriate program is essential.

Also important is the fact that the second wave of the experimental
FLM curves seems to precede the synthetic wave and the degree of
precedence increases with rising DES concentration. Despite of a local
deviation from the data set, a global fit of the synthetic curve should be
the best conceivable within a range of freedom of the model. Should T ¢,
be reduced to bring the second wave to the left, T¢ is decreased accordingly
and the third wave or the plateau which is roughly representing Ts/Tc
runs high above the data. Furthermore, in order to fit the second wave to
the data with 7.58 mgDES/dl, it is not enough to reduce Tg; to zero. A
compromise to this situation is to incorporate into the model a couple of
new assumptions such as mobilization of Q-cells into the cycle or a switch
to semiconservative mode of DNA segregation under the influence of DES.

The cell cycle parameters computed from the FLM curves indicate
that the addition of DES to the culture causes decrease of T¢ to about 50%
of the control, and that the phase which contributed most to this reduction
was G1 phase. Ts was also decreased considerably, but to the contrary,
Ty was slightly increased with higher concentration of DES. The
population doubling time T4 of DES-stimulated culture was approximately
20% less than the control. This discrepancy between the reductions of
Tc and of T4 can be accounted for either by the increase of cell loss and
by the decrease of growth fraction. The cell loss factory was minimum
with low concentration of DES but was increased with higher concent-
ration. It is probably because DES is both stimulative as well as toxic and
with a large dosis a toxicity overwhelmes the cycle-stimulating effect.
A decrease of the growth fractions by the addition of DES may be
explained that P cells are more sensitive than Q cells to the toxic effect of
DES. A fundamental problem involved in this explanation is how to
calculate the cell loss factor and the growth fraction in transient state of
growth, because the current methods can only be applied legitimately to
steady state population. A solution to this must await further theoretical
study. ' '

Stimulatory effect of estrogens on the cell cycle in castrated female
mice, using uterine epithelium as a target tissue and corneal epithelium as
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a nonspecific tissue, was studied by Epifanova!®. She found that estrone
reduced the generation time of the uterine epithelial cells from 42 hr (in
untreated, castrated mice) to 26 hr (in treated, castrated mice) at the.
expense of the G1 and S periods. There was also a 3-fold increase in the
number of cells synthesizing DNA when compared to the untreated,
castrated animal. In contrast, corneal epithelium of estrone-treated mice
showed no essential change in the FLM curve and only a slight increase in
labeling index was noted. Using vaginal epithelium of adult mice,
Thrasher et al?”? demonstrated that estrogen decreased the mean cycle
time from maximum of 72 hr (diestrus) to approximately 25 hr (estrus) due
to a reduction in Tg; while S phase (about 7.5 hr) remained unchanged.
Bresciani?®, working with the mammary glands of C3H mice, noted that
the labeling index and T's varied greatly depending on temporal relationship
between the time of experiment and the period in estrus cycle. But,
ovariectomy plus daily supplement with progesterone reduced the Ts to
about 50% of the control and he concluded that ovarian hormones act on
the size of the proliferative population and modified the Ts of normal
mouse mammary glands. Weihs and his associates ® found a 50%
decrease in the duration of DNA synthesis in the cells of the mammary
glands and uterus of castrated estrogen-supplemented C3H mice. Simpson-
Herren et al®® showed that the DMBA-induced rat mammary tumor,
regressed by ovariectomy and subsequently stimulated by estradiol and
progesterone, had a T¢ about 20% longer than that found for the induced
tumor in intact hosts but had a 2-fold higher labeling index and shorter
Tgq. Combs et al3V reported, however, that the FLM data of DMBA -induced
rat mammary tumors collected at different stages of estrus were quite
similar and they considered that the cell-cycle was unchanged by physio-
logical fluctuations of hormone level during estrus cycle.

In vitro experiment is more useful for the study of direct effects of
hormone. Siegel and Tobias3?, using a heteroploid cell line of human
kidney cells (“T” cells) cultured in various concentration of thyroxine,
demonstrated that the growth was accelerated, the plating efficiency
increased and uptake of tritiated uridine stimulated. Working with the
same experimental system, Burki and Tobias?® reported also that the
generation time was reduced by thyroxine from 27 hr to 20 hr due to
acceleration of G1 period while dead cell fraction remained unchanged.

Despite some discrepancy of reported data, the results are basically in
accord with those obtained in this experiment. Noteworthy in the present
results is the fact that this DES-induced renal carcinoma has retained a
sensitivity to estrogen and grows faster in response to DES, even after
long sojourn in vitro without addition of DES.
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Not only does this report add some information to the literature on the
cell cycle but lays the data analysis on a sound basis. Future work along
this line will find a vast field of application of this analytic method.

SUMMARY

The effects of diethylstilbestrol (DES) on the cell cycle of culture of
DES induced renal carcinoma of Syrian hamster was studied using a
recently developed computer program for a transient state FLM curve
analysis. It was demonstrated that T¢ was reduced to about 50% due to
reduction of T, and Ts even with such high dosis of DES that the cell
loss was rather increased.
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