bonded phase, fused silica column). Single-ion mon-
itoring was used to detect terpanes (mass-to-charge
ratio m/z = 191) and steranes (m/z = 217). The use
of trade names here and elsewhere in this report is
for descriptive purposes only and does not consti-
tute endorsement by the U.S. Geological Survey.

8. A. S. MacKenzie, U. Disko, J. Rullkotter, Org.
Geochem. 5, 57 (1983). We analyzed monoaromatic
and triaromatic steroids in the total extract on an HP
5880 gas chromatograph coupled to a Kratos MS-3,
medium-resolution mass spectrometer (50 m by
0.32 mm, SE-54 bonded phase, fused silica column)
by monitoring m/z of 253.1956 and 231.1174,
respectively.

9. A.S. MacKenzie, Adp. Pet. Geochem. 1, 115 (1984);
R. P. Philp, Mass. Spectrom. Rev. 4, 1 (1985).

10. T. L. Valher, Init. Rep. Deep Sea Drill. Proj. 5, 431

(1970). Atsite 35 of Leg 5 of the Deep Sea Drilling

Project, 390 m of sediment was removed from the
Escanaba Trough.

11. T. L. Vallier et al., Mar. Geol. 15, 67 (1973).

12. E. E. Bray and E. E. Evans, Geochim. Cosmochim.
Actn 22,3 (1961);

CPI =
1/2 (Cys_330dd/Cyy_speven + Cys_330dd/z6_34even)

13. J. M. Hunt, Petrolenm Geochemistry and Geology
(Freeman, San Francisco, 1979); B. P. Tissot and D.
H. Welte, Petvoleum Formation and Occurvence
(Springer-Verlag, Berlin, 1984).

14. T. G. Powell and D. M. McKirdy, Nature (London)
Phys. Sci. 243, 37 (1973).

15. R. E. LaFlamme and R. A. Hites, Geochim. Cosmo-
chim. Actn 42, 289 (1978).

16. A. S. MacKenzic and D. McKenzie, Geol. May. 120,
417 (1983). An effective heating time is defined as

the time during which reaction temperatures are
within 15°C 0% the maximum temperature. This
approach permits the use of isothermal reaction
kinetics for evaluation of nonisothermal processes.

17. B. R. T. Simoneit and P. F. Lonsdafe, Nature
(London) 295, 198 (1982); B. R. T. Simoneit, Can.
J. Earth Sci. 22, 1919 (1985).

18. We thank J. L. Bischoff and W. B. Friesen, who first
called our attention to the high organic content of
the sample and its behavior in the presence of
acetone, and R. A. Koski and M. L. Holmes for the
opportunity to examine the sample in detail. This
report has benefited from comments by R. A. Koski,
W. R. Normark, D. A. Clague, and J. L. Clayton.
The paper was typed by K. McDaniel and the figures
were prepared by B. Fulop.

7 July 1986; accepted 18 September 1986

Estrogen Memory Effect in Human Hepatocytes
During Repeated Cell Division Without Hormone

S.-P. Tam, R. J. G. HacHE, R. G. DEELEY

Transient stimulation of target tissues by sex steroids can cause long-lasting changes
that may facilitate or alter responses to subsequent hormonal treatment. How these
altered characteristics are propagated during cell division in the absence of the
stimulating hormone is unknown. The human hepatocarcinoma cell line HepG2 was
used as a model to examine the effects of estrogen on the synthesis of serum
apolipoproteins in vitro. Treatment with low concentrations of estrogen for 24 to 48
hours resulted in long-lasting alterations in the kinetics with which the cells responded
to subsequent stimulation with estrogen. Manifestation of this memory effect was
correlated quantitatively with the induction and propagation of a moderate-affinity,
nuclear, estrogen-binding protein with the characteristics of a type II estrogen
receptor. The data indicate that transient exposure of these cells to estrogen can induce
changes in their response characteristics and composition of nuclear proteins that are
inherited by daughter cells grown in the absence of hormone for more than ten

generations.

ANY EFFECTS OF SEX STEROIDS

on gene expression in their target

tissues are dependent on the con-
tinued presence of hormone. However, in
some cases, transient stimulation is sufficient
to induce long-lasting alterations in the abil-
ity of the tissue to respond to subsequent
hormonal treatment. Persistence of these
altered response characteristics for several
months, even in very young animals, has
raised the possibility that this so-called prim-
ing or memory effect may not simply be
long lasting, but might be propagated dur-
ing growth of the tissue in the absence of the
stimulating hormone. How this is accom-
plished is unknown. A particularly well-
characterized example of priming has been
provided by studies of vitellogenesis in avian
and amphibian liver. Short-term primary
stimulation of adult male or immature ani-
mals with estrogen results in transient acti-
vation of genes specifying major yolk pro-
teins, such as vitellogenin, together with
long-lasting alterations in the kinetics with
which they respond to secondary stimula-
tion (I-4). To date, this long-term effect of
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estrogen on hepatic gene expression has
been shown to occur only in egg-laying
vertebrates. We now report that (i) an estro-
gen-memory effect can be reproduced en-
tirely in vitro in an established line of human
hepatoma cells and (ii) manifestation of this
effect after repeated cell divisions in the
absence of hormone correlates quantitatively
with the induction and propagation of a
moderate-affinity, nuclear, estrogen-binding
protein with characteristics of the type II
estrogen receptor.

The human hepatoma line HepG2, which
was established in culture by Knowles et al.
(5), has been shown to retain many of the
differentiated characteristics of normal hepa-
tocytes, including the ability to synthesize
the major serum apolipoproteins of hepatic
origin. Because of the importance of these
proteins in determining atherosclerotic risk,
we examined the possibility of using these
cells as an in vitro model to study hormonal
regulation of their synthesis. Our studies
revealed that estrogen has two quite distinct
dose-dependent effects on the synthesis of
these proteins (6). At concentrations in the

physiological range, it induces increases in
the levels of messenger RNA’s (mRNA’s)
specifying apolipoproteins apoAl and apo-
CII (7, 8), both of which are components of
nascent high-density lipoprotein particles.
At 25- to 50-fold higher concentrations, the
hormone increases synthesis of two addi-
tional apolipoproteins, apoE and apoB,
which are major components of nascent very
low density lipoproteins (VLDL’s), by a
mechanism that also involves alterations in
apolipoprotein mRNA levels (6).

In addition to requiring different concen-
trations of hormone, induction of these two
pairs of apolipoproteins was found to occur
with different kinetics. Induction of apoB
and apoE, unlike that of apoAl and apoClII,
was characterized by a lag of 6 to 8 hours
(6). However, if the cells were preincubated
for 24 to 48 hours in estrogen at concentra-
tions well below the threshold required to
induce apoB and apoE, the lag in induction
of these two proteins on exposure to high
concentrations of the hormone could be
climinated. This difference between the re-
sponse characteristics of control and pre-
treated cultures is reminiscent of differences
between the primary and secondary induc-
tion kinetics of avian and amphibian vitello-
genin genes. The observation prompted us
to examine whether these human cells also
display a memory effect similar to that ob-
served in the liver of egg-laying animals.
Since established lines of amphibian and
avian hepatocytes do not exist, this also
provided for the first time the opportunity
to examine the propagation of such an effect
in a homogeneous population of dividing
cells.

Newly confluent cells were maintained for
48 hours in medium containing 17B-estradi-
ol at an initial concentration of 20 nA. This
treatment maximally induces apoAl and
apoClII but does not alter the production of
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apoB and apoE (6). Cells were then replated
and allowed to divide six times in the ab-
sence of estrogen. When these pretreated
cells were subsequently exposed to high
concentrations of 17B-estradiol, enhanced
synthesis of apoB and apoE occurred with
no appreciable lag (Fig. 1A). Similar experi-
ments were performed with cells after 10
and 16 generations. The rates of synthesis of
apoB and apoE 6 hours after reexposure of
cultures that had undergone six or ten cell
divisions after pretreatment were approxi-
mately five and four times as great, respec-
tively, as those in cells not previously ex-
posed to estrogen. By comparison, pretreat-
ed cells that were shifted directly to a high
concentration of estrogen without interven-
ing growth in the absence of hormone had
rates of synthesis of apoB and apoE approxi-
mately eight times those of controls (6).
Thus, on a per cell basis, the magnitude of
the memory effect after ten generations was
still 50% of that observed in a fully primed
culture, even though the cell population had
increased more than 1000-fold during
growth in the absence of hormone. It was
not until the cells had divided 15 or 16 times
in the absence of estrogen that the response
kinetics became’ indistinguishable from
those of control cells. :

Studies of vitellogenesis in avian liver
have drawn attention to reldtively lorig-
lasting, hormonally induced alterations in
patterns of methylation and nuclease hyper-
sensitivity of genes specifying the major yolk
apolipoproteins, vitellogenin and apoVLDL
IT (9-12). It has been suggested that these
modifications could reflect changes in chro-
matin structure that are involved in the
persistence and possibly the propagation of
the memory effect. However, in at least
some cases, it appears unlikely that the mod-
ifications are maintained long enough to be
directly involved in the memory response
(12-13). Alterations in the spectrum of nu-
clear proteins that could be required to
maintain such mo&iﬁcations, or to facilitate
activation of the genes by some other mech-
anism, have not yet been identified. Studies
detailed below suggest the lower affinity
type II estrogen-binding protein described
by Clark et al. (14) as a candidate for such a
function. ‘

Exposure of HepG2 cells to low concen-
trations of estrogen induces a 14- to 15-fold
increase in high affinity type I estrogen
receptors and, after a lag of several hours, a
comparable increase in lower affinity nuclear
binding sites that display the extreme sensi-
tivity to reducing agents that is characteristic
of type II estrogen-binding proteins (8).
These lower affinity, matrix-associated sites
have been identified in nuclei from a num-
ber of estrogen target tissues, and it has been
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suggested that they could play an as yet
undefined role in cellular proliferation (14—
16). However, the liver does not display a
typical mitotic response to estrogen, nor are
the growth characteristics of HepG2 cells
altered by exposure to the hormone. We
have proposed—on the basis of their induc-
tion kinetics, their lower affinity for estro-
gen, and the ability to induce them with low
concentrations of hormone—that in HepG2
cells type II sites could be irivolved in medi-
ating the enhanced synthesis of apoB and
apoE in response to high levels of estrogen
(6). This suggestion is not inconsistent with
the proposed role of type II sites in other
target organ§ since high levels of apoB and
apoE may serve to meet the increased de-
mand for cholesterol during estrogen-in-
duced proliferatioh of nonhepatic tissues. If
type 1l sites do fulfill such a function in liver,
the memory effect observed after priming of
the cells with estrogen tequire$ that, once
induced, the type I sites shottld be propa-
gated in daughter cells in the absence of
hormone. Experiments designed to test this
possibility are described in Fig. 1B.

Type I and type II sites can be induced in
HepG2 cells during either the log phase of
cell growth or in confluent cultures, with no
detectable difference in the extent or kinetics

Fig. 1. (A) ApoB and apoE induction in HepG2
cells treated with estrogen and propagated in the
absence of hormone. Newly confluent cultures
were maintained for 48 hours in medium that was
adjusted to 20 nM in 17B-estradiol every 12
hours. The cells were then washed three times,
replated, and propagated for six divisions in the
absence of hormone for 10 days. Confluent cul-
tures were reexposed to estradiol (1.0 waf), and
the levels of newly secreted apoB and apoE were
determined by radioimmunoassay (19). Similar
analyses were carried out on cultures treated with
estrogen for the first time. Results are expressed as
percentages of the levels of each apolipoprotein in
cultures of pretreated cells that were not reex-
posed to hormone. Primary induction: apoB (@)
and apoE (O); secondary induction: apoB (@)
and apoE (O). Results shown are the means of
three experiments with error bars indicatinig one
SEM. (B) Propagation of type II nuclear, estro-
gen-specific binding sites in HepG2 cells after
hormone withdrawal. The numbers of type II
sites were monitored in cells treated with estrogen
and subsequently propagated in the absence of
hormone as described in (A). The line without
data points represents a theoretical dilution curve
of the number of type II sites per cell, assuming
that no synthesis or turnover occurs after hor-
monal withdrawal. Numbers above the line indi-
cate the number of cell divisions that have taken

of induction. In the experiments described
here, newly confluent cultures were treated
with low concentrations of estrogen for 48
hours to fully induce type I and type II
binding sites. During this period there was
no significant change in cell number. When
the hormone was removed, nuclear type I
receptors declined to preinduction levels
within 24 hours (Fig. 1, inset). To some
extent, the extremely rapid decrease ob-
served during the first 3 to 6 hours could be
accounted for by an increase in the propor-
tion of receptors recovered in cytoplasimic
fractions. However, within 40 hours the
cytoplasmic levels of receptor also declined
to control values. The loss of type I recep-
tors was even more rapid when the cells
were harvested and replated after removal of
the hormone. Thus basal levels were re-
established within approximately orie dou-
bling time.

In contrast, type II sites were maintained
during both replating and subsequent cell
division. The number of sites per cell de-
clined by less than 10% at each division, so
that, for example, after six divisions in the
absence of hormone the levels were still 60%
to 65% of maximum (Fig. 1B). A theoreti-
cal dilution curve, based on the assumption
that type II sites are infinitely stable after
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place since the removal of estrogen. Inset: Kinetics of disappearance type I sites from nuclei and cytosol
of HepG2 cells after estrogen withdrawal. Newly confluent cells were maintained in medium containing
20 nM 17B-estradiol for 48 hours. Cells were then washed three times and cultured in control medium;
the number of type I sites in nuclear (O) and cytosolic () fractions were plotted as a function of time
after hormonal withdrawal. Data shown are the means of two independent experiments. For all data
points independent results were within 10% of the mean. Procedures for cell growth and maintenance
and for radioimmunoassay of apolipoproteins have been described in detail (19). Specific binding of
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method of Lazier and Jordan (20).

REPORTS 123§



hormone withdrawal but are not produced
in daughter cells, is also illustrated (Fig.
1B). Under these circumstances, the predict-
ed number of sites per cell after six divisions
would be only 2% to 3% of that observed.
Analyses at later times indicated that it took
more than 15 generations for the levels of
type II sites to become indistinguishable
from those in control cells. It is now possible
to distinguish between a uniform decrease in
the levels of type II sites in all cells and a
propagation mechanism that results in a
small percentage of cells at each division
(7% to 8%) that do not express these sites.
However, there is clearly an excellent quan-
titative correlation between the levels of type
II sites and the magnitude of the memory
effect, as revealed by comparison with data
on the kinetics with which apoB and apoE
synthesis increases after restimulation of pre-
treated cells (Fig. 2).

Since induction of type II sites lags be-
hind that of type I sites by 5 to 6 hours; we
examined the possibility that brief exposure
to estrogen (5 to 6 hours) might trigger a
sequence of events that would result in
subsequent appearance of type II sites. Cells
treated in this fashion were also examined to
determine whether they displayed any evi-
dence of a memory effect 48 hours after
removal of estrogen. After 6 hours of treat-
ment with 20 nA 17B-estradiol, type I sites
reached 80% of maximum whereas type 11
sites increased by less than 10%. Removal of
hormone at this time resulted in loss of type
1 receptors within 24 hours and no subse-
quent increase in type II sites. Thus, the
presence of estrogen or type I receptors (or
both), although not necessary for the propa-
gation of type II sites, is required during at
least part of their initial accumulation phase.
Consistent with the suggestion that the type
11 sites are involved in the memory response,
the cells displayed apoB and apoE induction
kinetics that were indistinguishable from
those of control cultures.

The ability to induce type II sites with
comparable efficiency in dividing and con-
fluent cells strongly suggests that cell divi-
sion is not required. However, the lag of
several hours that precedes induction of the
type 11 sites does raise the possibility that
limited DNA synthesis may be necessary.
We have tested this possibility by carrying
out experiments identical to those described
in Fig. 1, except that the cells were treated
with hydroxyurea (0.5 mM) for 6 hours
before addition of estrogen and were main-
tained in the presence of the inhibitor for
the entire 48-hour induction period. This
concentration of hydroxyurea is adequate to
reduce DNA synthesis, as determined by
incorporation of [*H]thymidine, by more
than 90%. Despite the inhibition of DNA
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Fig. 2. Correlation of the levels of type II recep-
tors and the kinetics of induction of apoB and
apoE in HepG2 cells pretreated with estrogen and
propagated in the absence of hormone. Cells were
pretreated with 17B-estradiol (20 nM) and subse-
quently grown in the absence of hormone as
described in Fig. 1A. After 6, 10, or 16 divisions
the levels of type II sites were determined and the
cells then exposed to a high concentration of the
hormone (1 pAM). The increase in apoB and apoE
synthesis, relative to control cells, was determined
6 hours later. The nutnber of type II sites per cell
is expressed as a percentage of the maximum level
detected in cells maintained in 20 nM 17B-
estradiol for 48 hours. Increases in the synthesis
of apoB and apoE are expressed relative to those
obtained wheri cells that had been pretreated with
20 nM estrogen for 48 hours were shifted directly
to medium containihg the hormone at a concen-
tration of 1 pM. Data shown were obtained from
(a) untreated cells; (b) cells treated with 20 nM
17B-estradiol for 48 hours and shifted directly
to medium containing the hormone at a concen-
tration of 1 pAM; and (c to e) cells that had
completed 6, 10, or 16 cell divisions in the ab-
sence of hormione, respectively, before reexposure
to 1 pM 17B-estradiol. Results shown are the
means and standard errors of six independent
experiments.

synthesis, hydroxyurea had no effect on ei-
ther the kinetics of type II induction or the
number of sites per cell. The sites were also
propagated as efficiently as in untreated cells
if the hydroxyurea was removed and the cells
were allowed to divide.

In experiments that will be described in
detail elsewhere, we examined the possibility
that type II sites also play a role in the
vitellogenic memory response observed in
liver of egg-laying animals. To determine
whether these sites could be propagated in
vivo, we treated chicken embryos with a
single injection of 17B-estradiol at day 13 of
gestation. The numbers of type II sites and
the rapidity of the vitellogenic response
were then examined 17 days after hatching.
Hepatic type II sites were present in chicks
treated in ovo with amounts approximately
75% of those in laying hens and 35 to 40
times those in control chicks. Even 10 weeks
after a priming injection, the numbers of
type 11 sites were still 10 to 12 times those in
control chicks. Analysis of vitellogenin
mRNA levels also indicated that the pre-
treated chicks displayed an enhanced re-
sponse to secondary stimulation. Since the
DNA content of the liver increases 25- to
50-fold between day 13 of embryogenesis
and 17 days after hatching, the data strongly

suggest that type II sites and the memory
effect can also be propagated in vivo in the
absence of estrogen (13).

The ability of type II sites to be propagat-
ed in the absence of the original induction
stimulus and the fact that their persistence
correlates with manifestation of the estrogen
memory effect suggests parallels with the
predicted properties of factors proposed to
be involved in maintenance of the deter-
mined state. It is possible that their expres-
sion could be the consequence of hormonal-
ly induced, heritable alterations in chroma-
tin or DNA structure (9, 10, 17). These
could be reflected by changes in nuclease
hypersensitivity or specific demethylation
events that take place during the lag period
preceding induction of the sites. Both types
of modification have been shown to be
induced by estrogen, and similar alterations
induced by other effectors have been shown
to be capable of propagation. However, if
this type of mechanism is involved, data
both in vivo and in vitro indicate that, in this
case, establishment of these alterations does
not require cell division. Thus if demethyl-
ation plays a role, it cannot be accomplished
simply by prevention of maintenance meth-
ylation. Since exposure of HepG2 cells to
estrogen for the duration of the lag period
does not result in the subsequent produc-
tion of type II sites, it is also apparent that
such modifications, if they do occur, require
the continued presence of estrogen or type I
receptors to elicit at least initial induction of
the type II sites. While this requirerment can
be rationalized by a number of possible
mechanisms, one possibility that is consist-
ent with all of the existing data and that has
been shown to be involved in “irreversible”
alterations in gene expression in prokaryotes
is that type II sites positively regulate their
own synthesis (18). Initial induction would
then require the presence of type I receptor-
estrogen complexes until the type II sites
reached a critical concentration beyond
which their production would be expected
to be self-sustaining. The availability of an
established cell line that displays a defined
memory effect will allow various predictions
of these and other possible mechanisms to
be tested experimentally.
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Neuronal Properties of Clonal Hybrid Cell Lines
Derived from Central Cholinergic Neurons

Davip N. HAMMOND, BRUCE H. WAINER, JaMES H. TONSGARD,

ALFRED HELLER

Clonal cell lines derived from specific types of central neurons can be used to identify
and characterize properties specific to those neurons. With somatic cell fusion
techniques, nine clonal hybrid cell lines have been developed from the septal region of
the mouse basal forebrain. Two lines express characteristics typical of cholinergic
neurons—choline acetyltransferase activity and immunoreactivity, neurite formation
with neurofilament protein immunoreactivity, and aggregation in rotation-mediated
cell culture. These cell lines may be useful for studying the trophic interactions that
support the development and maintenance of central cholinergic connections.

HOLINERGIC NEURONS OF THE
mammalian basal forebrain play an
important role in learning and mem-
ory and degenerate in Alzheimer’s disease
(1). This degeneration may result from a
dysfunction of the trophic interactions that
support cholinergic connections (2). Recent
studies on mediators of central cholinergic
trophic processes have focused on the possi-
ble roles of nerve growth factor (NGF) and
other substances (3, 4). Much of this work
has used primary cell culture techniques,
which should theoretically permit analysis at
the cellular and molecular level. However,
the use of such techniques to study specific
trophic mechanisms is limited because even
distinct areas of the mammalian central ner-
vous system contain neurons with various
neurotransmitter phenotypes and different
synaptic connections. To study cholinergic
trophic mechanisms with greater resolution,
we developed clonal hybrid cell lines from
the mouse septal region. Of nine lines gener-
ated, two manifested stable and constitutive
properties typical of septal cholinergic neu-
rons. The availability of permanent cell lines
such as these could facilitate investigations
of cholinergic neuronotrophic processes.
Embryonic murine septal cells were fused
with cells of a murine neuroblastoma line,
NI18TG2, that are deficient in hypoxanthine
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Fig. 1. ChAT activity (picomoles of ACh formed
per minute per milligram of protein) of nine cell
lines generated by fusion of septal and N18TG2
cells, and of N18TG2 (N18) cells (26). The values
shown are means = SEM (n = 3).

phosphoribosyltransferase ~ (HPRT; EC
2.4.2.8) (5). Neuroblastoma cells are em-
bryologically related to neurons (5), and
thus are likely to permit the expression of
neuron-specific traits (6). In addition, the
murine origin of both parental cell types
minimizes the chromosomal loss that often
occurs in xenogeneic fusions (7). Finally,
this neuroblastoma line is deficient in the
specific cholinergic marker choline acetyl-
transferase (ChAT), the enzyme that cata-
lyzes the synthesis of acetylcholine (8)..
The septal region was dissected from
C57BL/6 mouse embryos at day 14 of em-

bryogenesis (9), dissociated, and resus-
pended in phytohemagglutinin-containing,
serum-free, modified Eagle’s medium (10).
The septal cell suspension was then added to
a monolayer culture of neuroblastoma cells.
Phytohemagglutinin facilitated the adher-
ence of septal cells to the N18TG2 monolay-
er. After a 15-minute incubation, the medi-
um was aspirated and the cells were fused
with a 50% (by volume) polyethylene glycol
(PEG 1000, Koch-Light) solution (11).
The fusion products were plated at
0.05 x 10° cells per 35-mm plate in medi-
um containing 10% (by volume) fetal calf
serum, 100 X 107®M hypoxanthine, 0.4 X
107°M aminopterin, and 16 x 107°M thy-
midine  (HAT medium), which selects
against HPRT-deficient cells. Individual
colonies were isolated with cloning cylinders
and expanded in medium without aminop-
terin. Primary septal cells or N18TG2 cells
alone, treated similarly, produced no viable
colonies. ’

Nine cell lines from the fusion of septal
cells and N18TG2 cells were isolated and
screened for ChAT activity with a radio-
chemical assay (Fig. 1). Most of the cell lines
showed ChAT activity similar to that of the
NI18TG2 parent cell type. Two lines, SN5
and SN6, showed marked ChAT activity
and have been further evaluated.

The hybrid nature of the SN5 and SN6
lines is supported by growth in HAT medi-
um and by chromosomal and isoenzyme
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