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ABSTRACT Transcriptional memory of transient signals can be imprinted on living systems and influence their reactivity
to repeated stimulations. Although they are classically ascribed to structural chromatin rearrangements in eukaryotes, such
behaviors can also rely on dynamic memory circuits with sustained self-amplification loops. However, these phenomena are
either of finite duration, or conversely associated to sustained phenotypic changes. A mechanism is proposed, in which only
the responsiveness of the target gene is durably reset at a higher level after primary stimulation, using the celebrated but still
puzzling vitellogenesis memory effect. The basic ingredients of this system are: 1), a positive autoregulation of the estrogen
receptor a gene; 2), a strongly cooperative action of the estradiol receptor on vitellogenin expression; and 3), a variant isoform
of the estradiol receptor with two autonomous transcription-activating modules, one of which is signal-independent and the
other, signal-dependent. Realistic quantification supports the possibility of a multistationary situation in which ligand-indepen-
dent activity is unable by itself to prime the amplification loop, but can click the system over a memory threshold after a primary
stimulation. This ratchet transcriptional mechanism can have developmental and ecotoxicological importance and explain
lifelong imprinting of past exposures without apparent phenotypic changes before restimulation and without need for persistent
chromatin modifications.
INTRODUCTION
Transcriptional memory of eukaryotic cells is generally
attributed to structural chromatin changes such as DNA
methylation, histone methylation (1), or subnuclear DNA
localization (2), but an alternative possible mechanism
relies on dynamic circuits with positive feedbacks (3,4)
that are capable of generating sustained responses after
transient stimulations. However, these responses are either
of limited duration (restricted to the lifetime of the signal-
dependent target, such as permease for the lactose operon
(3)) or indefinitely clicked at maximal level for an autono-
mously active amplification target. In this case, the pheno-
type remains modified after signal withdrawal. A system
is presented in this study in which the responsiveness of
the target gene to future stimulations is readjusted in the
absence of visible phenotypic change. This phenomenon
can be mediated by a ligand-dependent transcription factor
(TF) and maintained after ligand removal, in a latent manner
and without chromatin alteration. It has been derived from
the famous vitellogenesis memory effect, which has long
been established but remains puzzling.

Estrogen-dependent vitellogenesis is a process allowing
the massive accumulation of nutrient egg proteins for the
future embryos in egg-laying vertebrates such as fishes,
amphibians, or birds. Before the identification of the
estrogen receptor (ER) that mediates this response, it already
appeared clear that vitellogenin (Vg) accumulates much
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more vigorously during secondary estrogen stimulation in
chicken (5), Xenopus laevis (6), or the fish rainbow trout
(7). This effect is striking because the level of Vg returns
to zero between the successive stimulations. It has first
been investigated at the level of the Vg gene structure; but
if DNA demethylation and chromatin opening (as monitored
by nuclease hypersensitivity) are indeed correlated with Vg
expression, this long-term memory effect cannot be imputed
to the maintenance of these modifications (8). An alternative
explanation is proposed here, in which a single TF, a variant
of ER, is sufficient for both recording and keeping alive
transcriptional memory in the context of egg-laying verte-
brate hepatocytes.
MATERIALS AND METHODS

Quantification of molecule numbers

ER and Vg mRNAs

Total RNA samples were quantified, denatured, spotted, and UV-cross-

linked to transfer membrane. RNA dots were hybridized to radioactive

ER or Vg cDNA. The mRNA cell contents were then quantified as pg

per mg of total RNA and converted into molecule copy number per cell,

based on the molecular mass of the rtERs and Vg mRNAs and on the

average trout hepatocyte content in total RNA.

ER protein cell content

The ER protein number was estimated indirectly by counting the high

affinity binding sites for estradiol in trout hepatocytes. Liver nuclear

extracts were incubated with [3H]-17-b-estradiol (Amersham, Little Chal-

font, Buckinghamshire, UK), with or without 100-fold excess of cold

hormone, to determine specific binding by subtraction. Free and bound
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hormonewas separated by two successive treatments with charcoal/Dextran

and radioactivity was measured by liquid scintillation.
Rates estimations

mRNA degradation rates

RNAs were extracted from cell aliquots at different time periods after

transcription block using actinomycin D, and ER and Vg mRNAs were

quantified as described above.

Nuclear run-on experiment

Nuclei were isolated at 0�C from cultured hepatocytes and resuspended

in transcription buffer containing ribonucleotides and [a32P]-UTP. Tran-

scription completion was then allowed to proceed for 30 min at 26�C.
Radioactive RNAs were phenol-extracted, ethanol-precipitated, redis-

solved, and used as probes for hybridization to linear ER, Vg, and actin

cDNAs, previously fixed on nylon membranes.

Clearance of estradiol-17b in rainbow trout

After injection of 17b-estradiol in a male trout, circulating estradiol was

measured by radioimmunoassay.
Transient expression assays

b-Galactosidase assays in budding yeast

Yeast cells were stably transformed with the b-galactosidase reporter

plasmid driven by the estrogen-responsive element of the rtER gene, with

or without hCOUP-TF1 and with either rtERs or hER expression plasmids.

b-Galactosidase activity in response to the indicated treatments was

determined by spectrophotometry.

Luciferase assays

After plasmid transfection and transient expression, cells were harvested

and the firefly luciferase activity was determined and normalized with

b-galactosidase whose expression is driven by a b-actin-promoter. In the

experiment of comparison of the transcriptional strengths of the fish ER

gene promoter and the cytomegalovirus (CMV) promoter, these promoters

directed the expression offirefly luciferase andweremeasured by comparison

with a thymidine kinase promoter-Renilla luciferase control expression plas-

mid, using the Dual-Glo Luciferase Assay System (Promega, Madison, WI).

Additional detailed Materials and Methods and the parameter values

used for numerical application, are available in the Supporting Material.
RESULTS

The model proposed to explain the vitellogenesis memory
effect will be quantified using new and previously published
data obtained with the fish rainbow trout, but it can apply to
other oviparous vertebrates. Studies on vitellogenesis are
facilitated by the capacity ofmale animals to undertake vitel-
logenesis in response to estrogen administration, making it
possible to avoid interferences with endogenous hormones.
FIGURE 1 Vitellogenesis memory effect is preserved in cultured hepato-

cytes. Hepatocytes were prepared from male rainbow trout previously

treated with estradiol one month ago (open circles) or hormone-naı̈ve (solid

circles). The time course of accumulation of Vg (A) and Vg mRNA (B) was

measured after addition of 1 mM estradiol in the culture medium.
The vitellogenesis memory effect is a cellular
phenomenon

To establish whether the vitellogenesis memory effect is
a cellular level phenomenon, it was first necessary to deter-
Biophysical Journal 101(7) 1557–1568
mine whether it can be evidenced in trout hepatocytes
ex vivo. As primary cultures of trout hepatocytes do not
divide and cannot be maintained for long periods, hepato-
cytes were prepared from male animals previously treated
or not with estradiol one month ago. Once spread in mono-
layer in culture dishes, they were incubated with estradiol
to compare the kinetics of Vg expression. As shown in
Fig. 1, strong differences of the initial rates of accumulation
were observed, depending onwhether the cellswere prepared
from animals pretreated or not with estradiol. The effect is
obvious forVg aswell as for VgmRNA (Fig. 1). These obser-
vations indicate that the vitellogenesis memory effect is re-
tained in cells separated from animals and does not require
cross talks with other organs such as the nervous system. In
the monolayer culture conditions used here to treat the cells
with hormone soon after extraction, hepatocytes rapidly
dedifferentiate and the expression of Vg progressively
declines, as visible in Fig. 1. In the rest of the study, the
primary hepatocytes were allowed to slowly organize tridi-
mensionally into aggregates, to recover a more stable gene
expression (see the Supporting Material).
Basis of the model

The model is built on four lines of observation:

1. A general feature of vitellogenesis evidenced in chicken
(9), X. laevis (10), and rainbow trout (11) is the autoregu-
lation of ER, mediated by a strong DNA-binding site for
ER, present in the promoter of ER genes. This observa-
tion led to the admitted scenario in which estrogen
treatment results in the upregulation of ER and that
this receptor is rate-limiting in Vg gene transcription.

2. An interesting observation is that the expression of ER
remains high after a single transient hormone administra-
tion, long after the arrest of Vg synthesis (12,13).

3. There is a cooperative response of Vg to ER, preventing
Vg expression at low levels of ER (our results).



Transcriptional Memory 1559
4. Finally, an element essential for this mechanism is the
existence in the liver of all egg-laying vertebrates tested
so far, of a particular ER variant whose precise role is not
yet understood, but which turns out to be particularly
well suited to explain the vitellogenesis memory effect.
The central actor: a variant ER with two
independent transactivation domains

Because Vg is expressed in an estrogen-dependent manner
in the liver which contains a particular isoform of ERa
named rtERs (14), we reasoned that this isoform could be
precisely involved in the intracellular recording of the
memory effect. Interestingly, in birds whose eggs also
include white, the yolk protein vitellogenin is still synthe-
sized in the liver but the white egg protein gene ovalbumin
is expressed in the oviducts. Ovalbumin synthesis is also
estrogen-dependent but not subject to memory effects and
accordingly in chicken, liver contains the short ER isoform
whereas the oviducts contain the long isoform (15). The
short ERa found in the liver of egg-laying vertebrates singu-
larly lacks the N-terminus present in long ERa isoforms.
This domain, called A, coordinates the two transcription
activating activities of ER named AF1 and AF2. AF2 is
ligand-dependent and can be selectively poisoned by the
partial antagonist 4-hydroxytamoxifen (4-OHT) (16). The
activity of AF1, observed only in certain cellular contexts
and in certain gene promoter configurations, has been shown
to be strongly upregulated upon phosphorylation after
interaction with the orphan nuclear receptor COUP-TFI
(17). The hormone-dependence of AF1 is due to an inhibi-
tory intramolecular interaction between the distal domains
of the long ER isoform, which is broken upon ligand
binding to AF2 (18,19). To compare the capacity of the
short and long ER isoforms to stimulate transcription in
the absence of hormone, we transfected them, together
with COUP-TFI and a LacZ reporter gene driven by the
estrogen-responsive element (ERE), into yeast cells. These
cells were selected as a convenient tool because they are
naturally devoid of nuclear receptors, but contain appro-
priate coactivators. As shown in Fig. 2 A, an estrogen-inde-
pendent activity is clearly obtained for the short isoform
whereas for the long one, the AF1 activity is subordinated
to the presence of hormone and to AF2.

To confirm that the high estrogen-independent activity of
trout liver-specific ER isoform is due to its liver-specific
N-terminal truncation, we verified that the estrogen-inde-
pendent activity of human ER (hER) can be also increased
after deletion of its N-terminal domain. As shown in Fig. 2
B, in human HepG2 cells, this deletion (D38) increases the
basal transcriptional activity of hER from 7 to 18% of its
maximal hormone-stimulated activity. Based on the results
obtained with yeast cells that do not contain COUP-TF1
contrary to human cell lines, three possible maximum
transcription activities of ER, termed here V1, V2, and V3,
can be rationally defined depending on the cellular contexts
and on the ER isoform (Fig. 2 C). V1 is the maximum tran-
scription initiation rate caused by AF1 alone (i.e., measured
in AF1-permissive contexts in the absence of hormone). V2

is the maximum transcription initiation rate caused by AF2
alone. V3 is the maximum transcription initiation rate
expected from the synergistic action of AF1 and AF2 (i.e.,
measured in AF1-permissive contexts in presence of satu-
rating hormone). AF1 and AF2 activities are roughly inde-
pendent and additive in yeast (Fig. 2 A), but have been
shown to recruit cooperatively certain coactivators in
mammalian cells (20,21). Different modes of ER activity
are observed with respect to the combination V1, V2, and
V3, including the two following ones:

1. V1 ¼ 0 and V3 >> V2. For the long isoform, the modifi-
cation induced by COUP-TFI has only a potentializing
role on hormone action, but no apparent effect in the
absence of hormone (17). This synergistic action of
COUP-TFI and estradiol clearly results from transactiva-
tion cooperativity because it is observed with reporter
constructs containing a single ER-binding site (17),
ruling out the involvement of classical DNA-binding
cooperativity.

2. V3 R V1 þ V2. rtERs can transactivate a promoter
fragment of the trout ERa gene carrying an ERE (11),
suggesting that it can participate in the autoregulatory
loop of ER in the liver. Given that rtERs can stimulate
Vg expression exclusively in presence of E2, but can
stimulate its own expression in both E2-dependent
and -independent manners, one can propose the system
schematized in Fig. 3. In the phenomenon of dynamic
memory based on this organization, the primary estrogen
stimulation triggers the ER loop, which could be main-
tained to a certain level after estrogen withdrawal by
the AF1 activity alone. In turn, in absence of primary
stimulation, AF1 is unable to prime the autoregulatory
loop.
Formulation

Rate equations are generally considered as no longer appro-
priate and are replaced by discrete stochastic treatments
when thermal fluctuations affect certain molecules present
in low copy number (such as the ER mRNA). However, in
this study, deterministic differential equations were retained
as an approximation because Vg is secreted by the liver and
taken up by the ovaries, so that its global production is aver-
aged at the tissue level. For the same reason, biochemical
techniques were preferred to single-cell approaches for the
accurate determination of average kinetic parameters. In
the absence of precise data on certain points, several hypoth-
eses were assumed:

1. Unmodified ER dimers are not supposed to reach DNA.
Unliganded ER can bind to DNA in vitro; but in vivo,
Biophysical Journal 101(7) 1557–1568



FIGURE 3 Molecular actors involved in estrogen-dependent vitellogenin

synthesis. The rtER gene is subject to an autoamplification loop in which

two ER molecules dimerize and bind to a palindromic ERE present in its

own gene promoter. Each ER monomer contains an AF1 and an AF2

domain mediating the transcriptional effects of phosphorylation and E2,

respectively. The expression of the vitellogenin gene (Vg) is strictly depen-

dent on the presence of E2 and necessitates high concentrations of

hormone-liganded rtERs for binding to imperfect ER half sites (open

arrows). In turn, rtER expression is stimulated by E2 treatment and also,

to a lower extent by unliganded ER, which allows to maintain the produc-

tion of rtER at a certain level (thin cycle) after primary stimulation (bold

cycle).

FIGURE 2 Role of the N-terminal domain of ER absent from the liver

rtER isoform. (A) Relative transcriptional activity in yeast cells, of a single

integrated b-galactosidase reporter gene construct whose expression is

driven by the region of the rtER gene promoter carrying the palindromic

ER-binding site. Cells were transformed or not with human COUP-TFI

Biophysical Journal 101(7) 1557–1568
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chromatin immunoprecipitation assays using ER-ex-
pressing cells reproducibly showed a strong enrichment
of the ER DNA-binding activity upon hormone stim-
ulation (22), possibly related to the desequestration
of ER from anchor proteins (heat shock proteins and
others). In addition, the low amount of chromatin-bound
unliganded ER can correspond to active phosphorylated
ER (23).

2. The two partners of a given dimer are considered as
symmetrically modified by either phosphorylation,
hormone ligation, or both, considering that two tightly
interacting protomers should be submitted to the same
conformational modifications to share a common dimer-
ization surface.
and treated or not with 10 nM E2 before measuring the activity of the

b-galactosidase reporter enzyme. (B) Relative estrogen-independent activ-

ities in human cells, of human ER either unmodified (hER) or deleted form

its N-terminal A domain (hERD38). (C) Transcriptional interplay between

ER AF1 and AF2 activities in the long or short ERa isoforms, assumed in

this model. In the long forms, AF1 is subordinated to the presence of

hormone through ligand-induced breaking of an inhibitory distal interaction

between the N-terminal domain and the AF2 domains of ER. In the

liver-specific short form, the amino-terminal domain involved in the distal

interaction is absent, so that AF1 can work autonomously.
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The expression of Vg genes is strictly dependent on the
presence of hormone. The trout Vg gene promoter contains
imperfect ER-binding elements and multiple half-sites. This
organization resembles that of X. laevis Vg B1 described in
Martinez and Wahli (24), whose promoter includes two
nonconsensual sites with low affinity for ER. Assuming
that ER equilibrates rapidly with DNA compared to the
slower dynamics of gene product fluctuations, a continuous
equation in which the production is driven by the coopera-
tive fixation of two liganded ER dimers is

d½mv�
dt

¼ VV

ðbV1 þ bV2Þ½RH�2þ2bV1bV2Kc½RH�4
2
�
1þ ðbV1 þ bV2Þ½RH�2þbV1bV2Kc½RH�4

�
� rmv½mV �; (1)

where RH is the hormone-liganded ER; VV is the maximal
transcription initiation rate of the Vg gene, mV is the Vg
mRNA; rmV is its first-order rate of removal; and the terms
bv (concentration

�2) are the products of DNA-binding and
dimerization constants. Kc (unitless) is the cooperative
enhancement factor of the affinity of ER for DNA once
the first site is occupied. This type of equation can be
extended to the cooperative fixation of more ER molecules
and can be, depending on the parameters, approximated in
the form of Hill functions.

The transcriptional activation of a reporter construct con-
taining the ERE present in the ER gene promoter, by unli-
ganded rtERs (Fig. 2 A), could be related to the high
affinity of ER for this DNA target site, to which both
hormone-bound and phosphorylated-only ER can bind, so
that different sources of transcription activation are expected.
The AF1 transcriptional activity of ER is activated by phos-
phorylation (P), whereas AF2 is activated by the hormone
(H). The different forms of ER dimers should share time
for interacting with this DNA target site (25). Hence,

d½mR�
dt

¼ V1bR1½RP0�2þV2bR2½RH0�2þV3bR3½RPH�2
1þ bR1½RP0�2þbR2½RH0�2þbR3½RPH�2

� rmR½mR�;

(2)

where RP0 is phosphorylated only, RH0 is hormone-liganded
only, and RPH is both phosphorylated and hormone-bound.
The term rmR is the rate of removal of the ER mRNA mR;
the terms bR are the products of dimerization and DNA-
binding constants of ER, which depend on its modification
state; and V1, V2, and V3 are the rates defined earlier.

An additional level of complexity of this model is that the
mRNA degradation rates are not constant, but depend on
estrogens (26). This ER mRNA stabilization during
hormone stimulation enhances the autoamplification loop
of ER gene expression. The lower stabilization of the ER
mRNA relatively to that of Vg (Fig. 4 A) could be physio-
logically related to the respective roles of the derived
proteins, considering that Vg is a secreted end-product inac-
tive in the cell, whereas ER is a signal sensor that should
remain reactive to conditions changes. This atypical prop-
erty complicates the treatment of the network and, given
the poor knowledge of mRNA stabilization machineries, it
obliges us to use primary trout hepatocytes despite their
technical inconvenience and forbids the possibility to
convey the vitellogenesis memory effect into heterologous
cellular contexts in a synthetic biology attempt.

The mechanism proposed in the literature to underlie Vg
mRNA stabilization by E2 is the hormone-dependent
synthesis of a shield RNA-binding protein named vigillin,
preventing the action of a polysomal endo-RNase (27). If
the shield RNA-binding protein S is abundant relatively to
the Vg mRNA, one has

rmv ¼ rmv0 þ rmvHbV3½S�
1þ bV3½S�

; (3)

where bV3 is the affinity of S for the Vg mRNA (mV), and
rmV0 and rmVH are the degradation rates of mV in the absence
and presence of hormone, respectively.

In Eqs. 1 and 2, the concentrations of the different forms
of ER are not directly measurable, but can be recovered
from observable quantities in a probabilistic manner, under
the quasi-equilibrium assumption. Because the diffusing
hormone is not limitative and equilibrates rapidly with
ER, the proportion of hormone-bound ER in the cell, PH,
corresponds to

PH ¼ ½RH�
½RT � ¼ ½H�

KdH þ ½H�; (4)

where KdH is the dissociation equilibrium constant between
hormone and ER. Similarly, let PP be the fraction of phos-
phorylated ER band. If the modifications of ER by hormone
binding and COUP-TFI-mediated phosphorylation are inde-
pendent events, the concentrations of the different ER forms
used in Eqs. 1 and 2 can all be expressed as functions of
total ER (RT), which will itself be expressed as a function
of its mRNA:

½RP� ¼ PP½RT �; (5a)

½RH� ¼ PH½RT �; (5b)
½RP0� ¼ PPð1� PHÞ ½RT �; (5c)
½RH0� ¼ PHð1� PPÞ ½RT �; (5d)
½RPH� ¼ PPPH½RT�: (5e)
In all these formulations, the modification of ER, through
phosphorylation or hormone binding, is assumed to precede
Biophysical Journal 101(7) 1557–1568



FIGURE 4 Quantification experiments. (A) Degradation rates of ER and

Vg mRNA in cultured trout hepatocytes (circles, ER; diamonds, Vg; open

symbols, without hormone; solid symbols, with 1 mM hormone). (B) Coop-

erative ER concentration-dependence of the Vg gene transcription rate (v).

(C) Rate of clearance of estradiol in vivo in a male rainbow trout, deter-

mined by radio-immunoassay. (D) Transcript accumulation for Vg (open

circles) and ER (solid circles), determined by simultaneous run-on analyses

of the ER and Vg gene transcription rates in nuclei isolated from hormone-

stimulated liver cells. (E) Comparative maximal expression in HeLa cells,

of the CMV promoter and of the zebrafish ER gene promoter in presence of

zERs and of 1 mME2. HeLa cells were transfected with the short isoform of

zebrafish ER and a F-Luc reporter gene driven by the zebrafish ER gene

Biophysical Journal 101(7) 1557–1568
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dimerization. The available data are unclear about the
hierarchy of ER ligation and dimerization, but in fact, these
events could be inverted with the same quantitative results
under the quasi-equilibrium assumption. The principle of
microreversibility simplifies the hierarchy of coupled
phenomena, which cannot be separated from a near-equilib-
rium perspective. ER ligation and dimerization belong to
a single pentagonal cycle defined by the following set of
equilibrium constants,

K1 ¼ ½RH�
½RF�½H�; (6a)

�ðRHÞ �

K2 ¼ 2

½RH�2 ; (6b)

½R2�

K3 ¼ ½RF�2

; (6c)

½R2H�

K4 ¼ ½R2�½H�; (6d)

�ðRHÞ �

K5 ¼ 2

½R2H�½H�; (6e)

where R is the ER monomer and RF is the free monomer. In
the absence of free energy inputs, microscopic reversibility
implies K2K1

2¼ K3K4K5. Hence, considering that dimeriza-
tion occurs before or after hormone ligation, is equivalent.

The total concentration of ER results from the translation/
degradation balance,

d½RT �
dt

¼ tR½mR� � rR½RT �; (7)

where tR and rR are the mRNA translation and protein degra-
dation rates, respectively. The ratio tR/rR was found to be
relatively constant in this system and will be thereafter
written a. It is quantified for better precision as the
steady-state concentration ratio between the ER protein
and ER mRNA in the presence of saturating hormone. We
considered that although the hormone arrival is rapid, its
decrease is slower, particularly in vivo, and could
contribute, to some extent, to the sustained level of ER
observed after primary stimulation (13). Indeed, when
hormone production or administration stops, PH does not
abruptly fall to zero in vivo but becomes a logistic function
of time,
promoter. (F) Selective poisoning of the AF2/LBD domain using 4-OHT

in cultured trout hepatocytes. Estradiol was added at time 0 and 4-OHT

was added (solid histograms) or not (open histograms) 12 h later.
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PH ¼ ½H�0e�ct

KdH þ ½H�0e�ct
; (8)

where [H]0 is the starting hormone concentration (consid-
ered to be lower than the capacity of steroid-binding plasma
proteins), KdH is the constant of dissociation between the
hormone and the receptor, and c is the first-order hormone
clearance rate. To determine if the model is compatible
with realistic parameters, we introduced in the equations
the molecule numbers and interaction constants estimates
described in the Supporting Material. They can be summa-
rized as follows.
FIGURE 5 Evolution of the cellular content in ER mRNA. (A) Simula-

tion without hormone and starting from various initial conditions. The

memory threshold at 12 molecules/cell is reached only if the initial number

of molecules exceeds eight molecules per cell. (B) Particular case of short-

term memory obtained near the ghost bifurcation.
Quantification

Counting molecules

ER and Vg mRNA molecule numbers were deduced by
comparison of linear hybridization signals to avoid possible
biases due to nonlinear amplification approaches and to
reverse-transcription efficiency. Although many techniques
exist for quantifying mRNA, counting molecules is much
more difficult for proteins. The classical immunoblotting
experiments are at most useful in comparative approaches
but a gap of knowledge exists with respect to the absolute
protein numbers. Fortunately, a technical opportunity is
offered for the case of a steroid-binding protein, by the
possibility granted to count the hormone-binding sites
within the cell.

Rates determination

The determination of degradation and production rates of
mRNAs are technically facilitated in eukaryotic cells by
the spatial separation between these processes, taking place
in the cytoplasm and nucleus, respectively. To determine the
cytoplasmic mRNA degradation rate, the afflux of fresh
mRNA molecules was prevented by the transcription inhib-
itor actinomycin-D. Estradiol induced a strong stabilization
of presynthesized Vg mRNA (half-life of 3.5 days; rate of
0.2 day�1) (Fig. 4 A). The relative transcription initiation
rates are measured in run-on experiments; cells were broken
and nuclei were isolated and allowed to complete the tran-
scriptions initiated in intact cells.

As no RNA degradation and no RNA synthesis initiations
are possible in isolated nuclei (because of the nonrenewal of
components from the cytoplasm), only extensions of
nascent transcripts frozen before the separation between
nuclei and cytoplasm are visualized. The results represent
the density of active RNA polymerases on the considered
genes, which directly reflects the transcription initiation
rate (28) (Fig. 4D). Based on the effect of 4-OHT that selec-
tively inactivates AF2 (Fig. 4 F) and on the activities of ER
in yeast (Fig. 2 A), we approximated that for rtERs, V3 ¼
V1 þ V2 and V1 ¼ V2.
Predicted evolutions

ER expression

Positive autoregulatory loops can provide multiple
stationary states that are reached when the production and
destruction of given products compensate each other. These
values are the roots of a quadratic equation resulting here
from the conjugation of Eqs. 2 and 7 (see Appendix A).
The stationary values of [mR] in absence of hormone are
shown in Fig. 5 A. In the absence of hormonal stimulation
in naı̈ve animals, parameters are such that the lower solution
cannot be spontaneously reached when starting from low or
noisy ER gene expression lower than a certain level, set at
eight molecules/cell based on our data. But after an initial
rise of ER mRNA triggered by hormone pretreatment, this
mRNA no longer disappears because of a persistent loop
Biophysical Journal 101(7) 1557–1568



FIGURE 6 Comparative predicted evolutions of ER and Vg mRNA cell

contents. (A) ER and Vg mRNA evolution after hormone withdrawal, with

a clearance rate of 0.084/day and starting from the stationary plateau values

of ER and Vg. (B) Evolution of ER and Vg mRNA after hormone addition

and starting from 2.5 molecules/cell of ER mRNA. (C) Comparative

kinetics of accumulation of the Vg mRNA in hormone-naı̈ve cells (primary

stimulation) and previously stimulated cells (secondary stimulation).
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maintained by unliganded ER. It decreases to the upper
solution that can be envisioned as a memory threshold,
and afterwards remains at this value through a ratchetlike
mechanism.

Accordingly, as shown in Fig. 4 F, if 1 mM 4-OHT is
added to E2-stimulated hepatocytes to inactivate AF2 after
crossing this threshold, the following decrease of ER
mRNA molecule number stabilizes at a higher level, in
line with the 3.2-fold reduction of the number of ER
proteins observed after 4-OHT treatment in X. laevis (29).
Different behaviors are expected depending on the delicate
balance between all the parameters. When the two solutions
are close together, the risk of priming the autoamplification
loop in virgin animals is further diminished but the risk of
memory loss is high. In turn, when the two solutions are
far away enough, the memory is strongly stabilized and
resistant to stochastic fluctuations of mRNA concentrations.
In addition, undesirable priming of the positive feedback is
prevented by the difference between the numbers of mRNA
molecules, before stimulation (2.5 molecules/cell) and the
threshold level (eight molecules/cell). A critical situation
is obtained near the so-called ‘‘ghost bifurcation’’ (30). In
this configuration, as shown in Fig. 5 B, the level ER
mRNA does not immediately drop and the vitellogenesis
memory effect is programmed for a certain delay T (see
Appendix B), corresponding, in this case, to

T ¼ pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
drmR0 � d2=2;

q
where
d ¼ aPPV1

ffiffiffiffiffiffiffi
bR1

p
:

: (9)

Such a situation could be obtained, for example, in the case
of insufficient phosphorylation of ER, just lower than

PP ¼ 2rmR0

aV1

ffiffiffiffiffiffiffi
bR1

p : (10)

For example, with the numerical estimates used here, if the
fraction of phosphorylated ER decreases from 10% to 9.8%,
memory is lost after a delay of T z 9 days. However, the
slow hormone decrease observed in vivo (Fig. 4 C), could
prolong further the sustained level of ER after primary
stimulation.

Vg expression

Plotting the response of Vg to ER in Hill coordinates reveals
a strong degree of cooperativity, with a Hill coefficient of
4.2 (Fig. 4 B), suggesting that more than two ER dimers
regulate Vg expression. This strong cooperativity, coupled
to the relative destabilization of the Vg mRNA in the
absence of hormone, allows that this mRNA disappears
between two stimulations. As shown in Fig. 6, the lower
affinity and higher cooperativity of action of ER on the
Biophysical Journal 101(7) 1557–1568
Vg gene, relatively to the ER gene, make the responses of
these two genes not parallel, with a delay in the decrease
(Fig. 6 A) and the accumulation (Fig. 6 B) of Vg transcripts.
This delay is strongly shortened in prestimulated cells when
starting from the memory level, of 12 molecules of ER
mRNA per cell on average (Fig. 6C). Hence, a vitellogenesis
memory effect can indeed be predicted using our model.
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DISCUSSION

We propose a model of dynamic memory that can contribute
to the vitellogenesis memory effect, without recourse to
structural chromatin rearrangements and that is possible
with realistic kinetic parameters and molecule numbers.
Chromatin modifications are associated to vitellogenin
expression but could have helper rather than decisional
roles, as suggested in Burch and Evans (8). A pivotal aspect
of our model is the involvement of a positive feedback,
whose importance has long been pointed out in bacterial
systems such as the lactose operon, in which the permease
derived from this operon accelerates the entry of the
inducer, thereby increasing its own synthesis (3).

The induced state can tolerate dilution of permease and
survive cell division or a transient decrease of the inducer
concentration, but this kind of memory is restricted to the
period of stability of the presynthesized permease. This
foundermodel has then been extended tomany cases of direct
positive feedback situations in which a TF activates its own
gene (4,31,32). But in eukaryotic cells, heritable structural
chromatin modifications are always put forward to explain
transcriptional memory. The idea that transcriptional
memory should be structurally engraved in chromosomes
is predominant, but, to our knowledge, it is not really sup-
ported by any recent observations showing that structural
epigenetic modifications are, for example, unstable and
continuously reconfigured, and thus poorly appropriate for
long-term memory at the scale of months or years.

Examples of positive feedbacks, associated to bistability,
hysteresis, and memory, strongly accumulate in gene
network modeling studies, suggesting that they have funda-
mental roles in the structuring of biochemical systems.
However, the case presented in this study has some distinc-
tive original features: 1), it ensures the memory of gene
responsiveness rather that the sustained expression of Vg;
2), the same component, rtERs, is involved both in sensing
the signal and preserving its memory; and 3), the system is
largely controlled at the level of mRNA stability, whereas
most reported feedback systems are tuned at the level of
production (transcription and translation rates).

In this respect, the trout liver appears to contain very
specific machineries because estrogen treatments generally
lead to ER mRNA destabilization in other cellular contexts.
In hepatocytes, the inverse regulation by estradiol of the
stability of vitellogenesis-related and unrelated mRNAs,
could be interpreted as a mechanism redirecting liver
expression machineries during the egg-production period.
This essential regulation of ER and Vg mRNA stability
allows that every mRNA molecule contributes lastingly to
the massive Vg synthesis and shortens the recovery from
vitellogenesis after estrogen withdrawal. In addition to
this accessory loop linking the stability of the ER mRNA
to estrogen exposure, the minimal system described here
can be embedded in a more densely reticulated circuitry,
ensuring its robustness by coordinating the different values.
For example, the degree of ER phosphorylation could be
continuously readjusted through some unidentified fast
negative loop to prevent the large effect shown above,
caused by a slight modification of ER phosphorylation while
keeping unchanged the other parameters.

Some cooperativity is necessary for positive feedback
bistability (33). The mechanism of cooperativity retained
here is ER dimerization, which means that either the dimer-
ization strength or the concentration of activated ER should
be limiting enough. Additional mechanisms are involved in
the strongly cooperative Vg gene expression. Although trout
Vg expression is strictly and strongly estrogen-dependent,
its gene is devoid of high-affinity ERE. We propose that
this seemingly paradoxical situation is a condition to
generate a nonhyperbolic response with a threshold effect.
Given the weakness of the individual ER target sites present
in the Vg gene promoter and the reported capacity of two
ER dimers to interact and organize into a tetramer (34,35),
the mechanism of modulated self-assembly recently
proposed to regulate transcription both precisely and flex-
ibly (36), is a particularly good candidate for contributing
to the control of Vg gene expression. Such a strong cooper-
ativity contributes both to the delay of the Vg gene response
to hormone and to the memory effect.

The delayed response of Vg to estrogens, with respect to
that of ER, allows that Vg expression starts only when the
amplification of ER is unambiguously engaged. This prop-
erty can be envisioned as a noise-reduction mechanism pre-
venting inappropriate Vg expression upon unwanted bursts
of hormone. With respect to stochastic behaviors, modeling
dynamic memory using differential equations is question-
able for systems containing low-copy-number molecules,
because averaging a collection of cells is not equivalent to
a macroscopic system in the case of threshold effects. The
deterministic approach has, however, been used here as an
approximation, in absence of strongly nonlinear phenomena
and because the memory concerns the accumulation of
a secreted gene product whose blood concentration derives
from a lot of cells. This situation could explain why Vg is
not directly synthesized by oocytes, but taken up from
a common pool, to avoid heterogenous Vg contents between
individual eggs.

The transcription rates calculated here can appear rela-
tively low. One should, however, keep in mind that only
productive transcription is retained in these results. Consid-
ering the high proportion of defective transcription elonga-
tion and transcript maturation, for example by defective
splicing, the total number of initiations could be much
higher. Notably, the number of ER transcripts produced
from the fish ER gene promoter is reached within 1 h by
the CMV promoter, as determined by single-cell imaging
(37). This difference is consistent with the relative strengths
of the CMV viral promoter and the zebrafish ER gene
promoter activated by zERs in presence of hormone,
Biophysical Journal 101(7) 1557–1568



1566 Nicol-Benoit et al.
compared in transient expression assays (Fig. 4 E). These
infrequent transcription initiation events can forbid
stochastic transcriptional bursts to occur, thereby preventing
unintentional crossing of the memory threshold.

Many additional actors involved in the vitellogenesis
memory effect are likely to be missing in this study. For
example, the basal ER mRNA content that we observed in
absence of hormone is not predicted by the autoregulatory
schemes used here. This low expression could be ensured by
the proximal rtER gene promoter, which includes a TATA
box capable of generating spontaneous transcriptional activity
(38). Such a nonregulated activity could be useful for priming
the amplification loop upon hormone addition. The minimal
model can work using a combination of realistic parameters,
which opens the possibility that in addition to DNA demethy-
lation, dynamic mechanisms can also be involved.

This model can have important biological roles, in
addition to providing an alternative explanation of the vitel-
logenesis memory effect. Considering the generalized pres-
ence of two transactivation domains in nuclear receptors and
the various splicing variants reported in the literature for this
family of TFs, one cannot exclude that such mechanisms
could participate to the delayed effects of transient expo-
sures to xenohormones. Our study provides an additional
mechanism possibly underlying such phenomena, comple-
mentary to the classical explanation of structural chromo-
some marking.
APPENDIX A: BISTABILITY ANALYSIS IN THE
ABSENCE OF HORMONE

The stationary states and their stability are particularly important in absence

of estrogens, and can be analyzed by adimensioning the system. If setting

u ¼
�
aPP

ffiffiffiffiffiffiffi
bR1

p �
½mR�; t ¼

�
aPPV1

ffiffiffiffiffiffiffi
bR1

p �
t

and

m ¼ rmR0

aPPV1

ffiffiffiffiffiffiffi
bR1

p ;

the possible stationary states of the system should solve

u2

1þ u2
� mu ¼ 0; (11a)

and u can be 0 or can be a root of

m
�
1þ u2

� � u ¼ 0: (11b)

Hence, there are one or three solutions depending on the value of m. If 0%
m < 1/2, the three solutions are

u ¼ 0 and u ¼ 1

2m
5

ffiffiffiffiffiffiffi
1

4m2

s
� 1;

if m > 1/2, u ¼ 0 is the unique solution.
Biophysical Journal 101(7) 1557–1568
To analyze the stability of the solutions through the linear approach,

we consider a small perturbation du of a stationary solution u* (i.e., u ¼
u* þ du).

For the solution u* ¼ 0,

ddu

dt
¼ �mdu:

Hence, du decreases exponentially and consequently the solution u* ¼ 0 is

always stable for every positive u.

For the solution

u� ¼ 1

2m
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4m2
þ 1

s
;

ddu
 

2u�
! 	

m 1



dt
¼ ð1þ u�2Þ2 � u du ¼ 2m

u�
�
2

du; (12)

the right term is then always negative for 0 % m < 1/2, and the solution is

stable in this range.

For the solution

u� ¼ 1

2m
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4m2
� 1

s
;

the right term is positive and this solution is unstable for every m between

0 % m < 1/2.

These results can be gathered in a bifurcation diagram showing the

stationary states as a function of m (see Fig. S1 in the Supporting Material)

drawn with a plain line when stable and a dashed line when unstable. The

bifurcation at m ¼ 0.5 is compatible with the estimated parameters listed in

Table S1 in the Supporting Material, which give 11.9 ER mRNA molecules

per cell.
APPENDIX B: GHOST BIFURCATION

Dynamic memory to estrogen exposure, through the model proposed here,

can be of limited duration for given sets of parameters, which can be exam-

ined using the adimensioned parameters defined above. When m R 0.5,

only the solution u* ¼ 0 exists and is stable; nevertheless, around the value

u ¼ 1, the variation rate du ¼ dt is close to 0 and the system spends some

time in the vicinity of that value, before falling to the stationary solution u¼
0. The time spent near u ¼ 1 can be estimated (30), using a development of

the second order on u and m ¼ 1 þ v and m ¼ 1/2 þ r2:

dy

dt
¼ ð1þ yÞ2

1þ ð1þ yÞ2 �
	
1

2
þ r2



ð1þ yÞ

x� y2

4
� r2

: (13)

Hence,

dt ¼ � dy

y2

4
þ r2

: (14)

The delay to reach u ¼ 0 when the initial condition is u >> 1, can be esti-

mated by integrating Eq. 14 between þN and 0,
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~T ¼ �
Z0
þN

dy

y2

4
þ r2

;

¼ 1

2

ZþN

�N

dy

y2

4
þ r2

;

¼
�
1

r
arctan

y

2r

�þN

�N

;

¼ p

r
:

(15)

Consequently, the time to reach the stationary state is approximately

~Tx
pffiffiffiffiffiffiffiffiffiffiffiffi
m� 1

2

r : (16)

SUPPORTING MATERIAL

Additional materials and methods, parameter values, one figure, and one

table are available at http://www.biophysj.org/biophysj/supplemental/

S0006-3495(11)00831-9.
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