13q deletion is significantly less than in
patients with heritable retinoblastoma.
Matsunaga interpreted this difference as
indicating that the major retinoblastoma
gene probably is not located in the 13q14
region. In view of the close synteny
between esterase D activity and retino-
blastoma in instances of chromosome
deletion Matsunaga’s interpretation can
be tested by linkage analysis of esterase
D and retinoblastoma in families. Avail-
able data have been suggestive of link-
age, but are not conclusive (/5).

If the same genetic locus is involved in
‘the autosomal dominant transmission of
retinoblastoma and in the chromosome
deletion, the difference observed in the
frequency of bilateral tumors may be
attributable either to the difference in the
nature of the mutation as a primary
event, or to some difference in the effect
of the deletion on subsequent somatic
events. Knudson (/3) has suggested that
a subsequent mutational event in the
predisposed cell is essential to malignant
transformation. If genetic change by mu-
tation or recombination at the homolo-
gous locus is involved (/6), a chromo-
some deletion might reduce the probabil-
ity of recombination because of deletion
of a critical ‘‘pairing site’’ (/7), or might
reduce the viability of the recombinant.

The central role of the 13q14 in retino-
blastoma development is further empha-
sized by the findings of Dgq- marker chro-
mosomes, or more specifically 13q14 de-
letion or rearrangements in tumor cells
from patients with unilateral and bilater-
al retinoblastoma and normal constitu-
tional karyotypes (/8). Although these
data must be confirmed, the 13q deletion
may be a common event in retinoblas-
toma development as a primary germline
event, as in the present kindred, or as an
acquired somatic event in patients with
heritable or nonheritable retinoblastoma.

The finding of a chromosomal rear-
rangement in unaffected transmitting rel-
atives demonstrates that a chromosomal
mechanism may account for the appar-
ent ‘‘lack of penetrance’” and familial
occurrence of retinoblastoma not ex-
plained by simple Mendelian inheri-
tance. Although a chromosomal rear-
rangement or deletion may not be de-
monstrable in most patients with familial
retinoblastoma and their unaffected
transmitting relatives, the segregation ra-
tio of 0.31 noted by Matsunaga (2) for
such families is consistent with the 0.25
ratio expected of a chromosomal rear-
rangement and deletion. Further, the
fraction of patients with bilateral tumors
among all retinoblastoma patients with a
chromosome deletion is 0.49 [see (I5)
and the data now reported], which is
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similar to the 0.54 fraction observed in
such families. A chromosomal mecha-
nism could also account for the consist-
ent apparent autosomal dominant trans-
mission of retinoblastoma to progeny of
affected individuals.
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Department of Medical Genetics,
University of Texas System Cancer
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Progesterone Regulation of the Occupied Form of

Nuclear Estrogen Receptor

Abstract. Total concentrations of estrogen receptor in the uterine nuclear fraction
are reduced rapidly after progesterone treatment of the proestrous hamster. Proges-
terone acts selectively on the occupied form of the nuclear estrogen receptor, with no
effect on the concentration of an unoccupied form. This observation indicates that
progesterone modulates the action of estrogen by controlling nuclear retention of the

estrogen-receptor complex.

Current models of steroid hormone
action (/) include a schema whereby
binding of the hormone to a specific
receptor protein in the cytoplasm of the
target cell leads to translocation of the
steroid-receptor complex to the nuclear
compartment, Within the nucleus, the
steroid-receptor complex is believed to
bind to acceptor sites, and this event
induces changes in gene expression that
lead ultimately to the biological response
characteristic of the hormone. Thus, the
steroid hormone-receptor complex is
viewed as a transducer of the hormonal
signal.

0036-8075/81/0925-1503801.00/0 Copyright © 1981 AAAS

Unoccupied nuclear estrogen recep-
tors are found in significant amounts in
both normal (2) and abnormal (3) target
tissues. A functional role for the unoccu-
pied nuclear receptor has yet to be de-
scribed. Our results demonstrate that,
although significant amounts of unoccu-
pied nuclear estrogen receptor are pres-
ent, progesterone, a physiological modu-
lator of estrogen action (4), selectively
reduces the concentration of the occu-
pied form of nuclear estrogen receptor.
This finding supports the concept that
progesterone modulates estrogen action
by regulating the retention of the estro-
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Fig. 1. Time course of (A) cytosol and (B)
nuclear estrogen receptor response to proges-
terone treatment. Proestrous hamsters were
treated with progesterone (5 mg per 100 g of
body weight, subcutaneously) at time zero
and killed at the indicated times. Controls
were injected with corn oil vehicle at time
zero. Uterine cytosol and nuclear KCl extract
were prepared as detailed in (4). Receptor
concentrations were determined by Scatchard
plot analysis of specific binding data (4, 13).
Portions (300 wl) of cytosol or nuclear KCl
extract were incubated in a final volume of
500 wl with increasing concentrations of
[*Hlestradiol (0.2 to 3 nM) for measurement
of total radioactive ligand bound. Parallel sets
of samples were incubated with a 200-fold
excess of diethylstilbestrol to estimate non-
specific binding. Total estrogen receptor (A)
was determined by incubation of samples at
30°C for 1 hour, and unoccupied receptor (O)
was determined by incubation at 2°C for 18
hours. After incubation, free steroid was re-
moved by treating each sample with dextran-
coated charcoal for 10 minutes (4). Specific
binding data were obtained by subtracting
nonspecific binding from total binding at each
concentration of [*Hlestradiol. Occupied es-
trogen receptor (@) was computed as the
difference between total estrogen receptor
and unoccupied estrogen receptor. Each point
represents the mean = standard error for six
assays. The asterisk indicates P < .05, com-
pared to control.

gen-receptor complex in the nucleus of
the target cell.

Progesterone rapidly and selectively
reduces nuclear—as opposed to cyto-
plasmic—estrogen receptor concentra-
tions in the uterus of the hamster (5) and
the rat (6). The effect of progesterone on
nuclear estrogen receptor levels does not
depend on changes in either cytoplasmic
estrogen receptor or serum estradiol lev-
els. In addition, progesterone action is
responsible for the rapid reduction of
uterine nuclear estrogen receptor levels
during the preovulatory period of the
hamster estrous cycle (4, 5).

In previous studies (4—6), total concen-
trations of nuclear estrogen receptor
were measured by a [*Hlestradiol ex-
change assay performed at an elevated
incubation temperature (30°C). This ex-
change assay does not distinguish be-
tween receptor that is bound to hormone
(occupied) from receptor that is not
bound (unoccupied). To measure the
quantity of nuclear estrogen-receptor
complex, we utilized the temperature-
dependent dissociation of bound hor-
mone from receptor. At low tempera-
tures (0° to 4°C), dissociation of bound
hormone is negligible, and consequently
incubation of cytosol or nuclear extract
with [*H]estradiol at low temperature
gives an estimate of the amount of unoc-
cupied receptor. At elevated tempera-
tures (30°C), not only is there binding of
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3H-labeled hormone to unoccupied re-
ceptor, but previously bound nonradio-
active hormone is exchanged with the
added [*H]estradiol, so that total (occu-
pied and unoccupied) receptor can be
measured. The difference between total
receptor measured under exchange con-
ditions and unoccupied receptor assayed
at 0° to 4°C provides an estimate of the
estrogen-receptor complexes present. A
similar approach has been used by other
investigators to distinguish between oc-
cupied and unoccupied receptor (2, 3).
We had previously validated the assays
we used for measurement of uterine es-
trogen receptor concentrations (4, 5, 7).

Early on the morning of proestrus (day
4) of the hamster estrous cycle, the se-
rum estradiol titer is high, and it remains
elevated until the time of the ovulatory
surge of gonadotropin (4, 5). This estro-
gen priming in concert with the rise of
serum progesterone during the preovula-
tory period of the cycle is necessary for
eliciting mating behavior (8, 9). Estrogen
and progesterone exert opposing effects
on uterine luminal fluid during the es-
trous cycle; estradiol promotes luminal
fluid accumulation, whereas progester-
one induces fluid loss (9). Although hor-
monal interactions are tissue-specific,
the physiological effects of progesterone
on estrogen action may in part be a
consequence of progesterone-induced
modulation of the estrogen receptor sys-

tem. Thus, our objective was to deter-
mine whether the progesterone-induced
loss of nuclear estrogen receptor was
accounted for by alteration of either oc-
cupied or unoccupied receptors in the
proestrous hamster uterus. Our ap-
proach was to measure the response of
occupied and unoccupied estrogen re-
ceptor in uterine cytosol and nuclear
fractions at selected times after proges-
terone treatment of proestrous hamsters.

Following progesterone administra-
tion (5 mg per 100 g of body weight,
subcutaneously), there were no signifi-
cant changes in occupied cytosol estro-
gen receptor during the 4-hour period of
observation (Fig. 1A). The concentration
of unoccupied cytosol receptor in-
creased transiently at 30 minutes and
subsequently returned to values ob-
tained before treatment. At all times,
unoccupied receptor accounted for 75 to
80 percent of the total cytosol receptor.
In conformity with results obtained pre-
viously (5, 6), total nuclear estrogen re-
ceptor concentration was reduced be-
tween 2 and 4 hours after progesterone
treatment (Fig. 1B). Although unoccu-
pied nuclear receptor constituted a large
proportion (50 to 60 percent) of the total
receptor population, progesterone did
not significantly alter the amount of this
form of receptor. However, the concen-
tration of occupied nuclear receptor was
reduced to the limit of detection between
2 and 4 hours after progesterone treat-
ment. Differences in slope of the Scat-
chard plot (apparent affinity constant)
could not explain these differences.

The demonstration that progesterone
induces the preferential loss of estrogen-
receptor complex from the target cell
nucleus suggests that progesterone has a
selective effect on the biologically active
form of the nuclear estrogen receptor.
Occupied and unoccupied estrogen re-
ceptors possess distinctive physico-
chemical properties (/, 2). In addition to
the presence of steroid, features that
differentiate occupied from unoccupied
receptor include conformational changes
in the protein acquired during activation,
a phenomenon that produces an en-
hanced affinity of the receptor for nucle-
ar acceptor sites (/0). One or more of
these characteristic physicochemical
properties may account for the substrate
specificity of progesterone action.

The mechanism by which progester-
one selectively reduces the concentra-
tion of nuclear estrogen-receptor com-
plex is unknown. However, we discov-
ered recently that inhibitors of RNA
synthesis (actinomycin D) and protein
synthesis (cycloheximide) block the in-
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hibitory effect of progesterone on nucle-
ar estrogen receptor in vitro (//). Among
other possibilities, we have hypothe-
sized that progesterone modulation of
nuclear estrogen receptor retention in-
volves the induction or stimulation of a
factor (estrogen receptor regulatory fac-
tor) that directly alters the nuclear estro-
gen receptor. The presence of a proges-
terone-induced modulator capable of al-
tering the occupied form of estrogen
receptor within the target cell nucleus
may provide a fundamental mechanism
for regulation of cellular response to
hormone action. Furthermore, the regu-
lation of such modulators by exogenous
agents would provide a specific and se-
lective means of controlling hormone-
induced responses. Progestin therapy is
useful in the management of certain
types of endometrial cancer (/2). Our
results suggest that the responses of oc-
cupied nuclear estrogen receptor or of
estrogen receptor regulatory factor to
progestin may provide a novel approach
for selecting patients with hormone-de-
pendent endometrial carcinoma.
Wirriam C. OkuLIcz
RAWDEN W. EvANs
WENDELL W, LEAVITT
Worcester Foundation for
Experimental Biology,
Shrewsbury, Massachusetts 01545
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Cellular Aging: Further Evidence for the Commitment Theory

Abstract. A large, transient reduction in the population size of human fibroblasts
in early passages significantly increases the variability of the life-spans of cultures in
comparison to control cultures, as predicted by the commitment theory of cellular
aging. The theory also predicts that a constant population of noncycling cells will
appear in the later part of the culture life-span. This was confirmed by labeling the

cells in culture with tritiated thymidine.

Diploid human fibroblasts have a finite
growth potential when they are cultured
in vitro (/). Hayflick and Moorhead (2)
defined three growth phases of cells in
culture: phase 1 being the establishment
of the primary culture, phase 2 being a
long period of proliferation during which
the cells are outwardly normal, and
phase 3 being a period in which the
growth rate slows down, cell morpholo-
gy is abnormal, the yield of cells at
confluence declines irreversibly, and the
culture can no longer be propagated. The
life-span of human fetal lung fibroblasts
varies from about 40 to 70 population
doublings (3).

A number of features of the growth of
diploid cells and the existence of perma-
nent lines led us to formulate the com-
mitment theory of fibroblast aging (3, 4).
We suggested that at some early stage,
prior to the establishment of fibroblasts
in culture, there exists a subpopulation
of cells that can undergo an unlimited
number of divisions (5). We call these
“‘uncommitted” cells and assume that
during their division they can become
committed to finite growth with a proba-
bility of value P. Thus a committed cell
is one that gives rise to a clone with
strictly limited replicative potential. We
also assume that each committed cell
and its descendants multiply at the same
rate as uncommitted ones through an
incubation period, M, consisting of a
fixed number of cell divisions, after
which no further growth occurs. If P is
sufficiently high (approximately .25) and
M is sufficiently long (approximately 55
cell divisions), then for normal labora-
tory populations the cultures will eventu-
ally die out, since all the uncommitted
cells will necessarily be lost by dilution
from every culture. However, the exact
time at which the last uncommitted cells
are lost will fluctuate considerably from
population to population, and this will
greatly affect the final life-span of the
culture in question.

The theory can thus explain the vari-
ability in life-span of parallel cultures set
up at an early passage and grown under
identical conditions. For example,
among 24 such cultures of the fetal lung
strain MRC-5, the average life-span was
57 passages, with a standard deviation of
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seven passages, which corresponds to
more than a 100-fold difference in growth
potential (6). In other experiments, pop-
ulations of early-passage fibroblasts con-
sisting of a 1:1 mixture of two heritable
phenotypes were grown and then scored
at intervals for the proportion of each
type of cell. In many cases the ratio
remained constant for many population
doublings, showing that there was no
direct selection for one type, but fre-
quently there was a sudden transition to
a predominance of one or other pheno-
type at the end of the life-span (7). This
result is explained by the random and
independent dilution of the two subpopu-
lations of uncommitted cells. From stud-
ies of individual clones, it has also been
concluded that there is an important un-
derlying stochastic process in the aging
of fibroblasts (8). The commitment the-
ory predicts that population size can
have an important effect on the longevity
of fibroblast cultures, and evidence for
this has been reported (3). We describe
here further results that conform with
other predictions of the commitment the-
ory and we comment on the discordant
report by Harley and Goldstein (9).
Since we assume that committed cells
divide normally for many cell genera-
tions, initially all the cells in the culture
will be viable. We refer to this as stage I,
and if the culture is finally to die out, all
the uncommitted cells must be lost at
some time during this stage. When the
cells that first become committed cease
growth, the viable cells in the culture
must divide more than once to double
the population number. Thus, the popu-
lation growth rate will decrease. We call
this stage 2 of culture growth. Our early
experiments were with several popula-
tions of MRC-5 cells and one of these
growth curves was published previously
(4). In 29 cultures of another fetal lung
strain, designated MG-4, the period of
rapid growth was always followed by a
period of constant slower growth (/0)
(Fig. 1). The same transition has also
been observed in cultures of adult human
skin (/7). The reduction in growth rate in
stage 2 is determined by the value of P
). For MRC-5, MG-4, and adult skin
fibroblasts we estimate from the change
in growth rate that P is in the range of .25

1505





