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ABSTRACT: Transcription from the mouse mammary tumor virus
(MMTYV) promoter can be induced by glucocorticoids or progestins.
Progesterone treatment of cultured cells carrying an integrated single
copy of an MMTYV transgene leads to recruitment of progesterone re-
ceptor (PR), SWI/SNF, and SNF2h-related complexes to MMTYV pro-
moter. Recruitment is accompanied by selective displacement of histones
H2A and H2B from the nucleosome B. In nucleosomes assembled on
promoter sequences, SWI/SNF displaces histones H2A and H2B from
MMTYV nucleosome B, but not from other MMTY nucleosomes or from
an rDNA promoter nucleosome. Thus, the outcome of nucleosome re-
modeling by purified SWI/SNF depends on the DNA sequence. On the
other hand, 5 min after hormone treatment, the cytoplasmic signaling
cascade Src/Ras/Erk is activated via an interaction of PR with the estro-
gen receptor, which activates Src. As a consequence of Erk activation PR
is phosphorylated, Mskl is activated, and a ternary complex PR-Erk-
Mskl1 is recruited to MMTYV nucleosome B. Msk1 phosphorylates H3 at
serine 10, which is followed by acetylation at lysine 14, displacement of
HP1vy, and recruitment of Brgl, PCAF, and RNA polymerase II. Block-
ing Erk activation or Mskl activity prevents induction of the MMTV
transgene. Thus, the rapid nongenomic effects of progestins are essential
for their transcriptional effects on certain progestin target genes. In rat
endometrial stromal cells, picomolar concentrations of progestins trigger
the cross talk of PR with ERf} that activates the Erk and Akt kinase path-
ways leading to cell proliferation in the absence of direct transcriptional
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effects of the ligand-activated PR. Thus, depending on the cellular con-
text rapid kinase activation and transcriptional effect play different roles
in the physiological response to progestins.

KEYWORDS: mouse mammary tumor virus; progesterone receptor;
chromatin; transcriptional regulation; histone H1; kinases

The basic unit of chromatin is the nucleosome, which contains a core of
histones around which DNA is wrapped in 1.65 left-handed superhelical turns.
This core contains two molecules of each of four core histone proteins: H2A,
H2B, H3, and H4. Eukaryotic cells contain a fifth class of histones, called
linker histones, which bind to the nucleosome and to the linker DNA and
alter the stability with which DNA within the nucleosome is associated. The
prototype of the linker histones is histone H1, of which there are six somatic
isoforms and a testis-specific form. Modulation of the structure and dynamics
of the nucleosome is an important regulatory mechanism of all DNA-based
processes in eukaryotic cells, such as transcription, DNA replication and repair.
Changes in chromatin structure affect the binding of nonhistone proteins, such
as transcription factors and the replication machinery, by restricting access to
the binding sites within the DNA.

The cell has developed multiple strategies for the optimal use of chromatin
as the substrate for DNA-directed processes. The two more important re-
modeling mechanisms are ATP-dependent chromatin remodeling enzymatic
complexes and enzymes that modify the histones posttranslationally. In ad-
dition, the cells can incorporate core histone variants to alter the structure
and dynamics of specific chromatin regions. ATP-dependent chromatin re-
modeling complexes utilize the energy from ATP hydrolysis to rearrange both
histone—-DNA and histone—histone interactions. Most ATP-dependent chro-
matin remodeling factors are multisubunit complexes with an ATPase as the
catalytic center. These ATPase subunits can be classified into three families
on the basis of the presence of functional domains: the SWI2/SNF2-, the
Mi-2/CHD-, and the ISWI-ATPases.! The SWI/SNF family comprises yeast
Snf2 and Sth2, Drosophila melanogaster brahma (BRM), and mammalian
BRM and brahma-like 1 (BRG1). These proteins are characterized by the
presence of a bromo domain, which binds acetylated histones.? The imitation
SWI (ISWI) family of enzymes have a SANT domain, which is thought to
act as a histone-binding domain,® and may recognize specifically modified
histones. There are two ISWI homologues in yeast (Isw1 and Isw2) and mam-
mals (SNF2H and SNF2L). A third class, the chromodomain and helicase-like
domain (CHD) family, is characterized by the presence of two amino-terminal
chromodomains, which interact with methylated histone tails.*

Posttranslational modifications, primarily of the histone-tail domains, such
as acetylation of lysines, methylation of lysines or arginines, and phosphory-
lation of serines and threonines, alter the properties of chromatin, influencing
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accessibility of the DNA, and in addition, act as signals for the recruitment
of nuclear factors.>® Functional cooperation between histone-modifying and
ATP-dependent chromatin-remodeling enzymes can mediate positive and neg-
ative output on gene regulation. For example, the bromodomain of Brgl binds
the H4 tail when acetylated at K8,” and TAFII250 binds the H3 tail when
acetylated at both K9 and K14.3

Nuclear receptors (NRs) are one of the most abundant classes of transcrip-
tional regulators in animals (metazoans). They regulate diverse functions, such
as homeostasis, reproduction, development, and metabolism. NRs share struc-
turally conserved domains and can be regulated through steroids, thyroid hor-
mone, retinoic acid, vitamins, or other proteins. They function as transcription
factors, often in complex with other coregulators, and govern transcription of
target genes involved in such varied processes as homeostasis, reproduction,
development, and metabolism.” The steroid/thyroid hormone receptors are
members of a very large family of nuclear ligand-activated transcription fac-
tors that includes the steroid receptors (those for progesterone [PRs], androgen
[ARs], estrogen [ERs], glucocorticoids [GRs], and mineralocorticoids) and re-
ceptors for thyroid hormone, retinoids, and vitamin D, as well as an even larger
group of proteins termed orphan receptors, whose ligands and/or functions are
as yet unknown.!®!! These receptors play key roles both as transcriptional
activators and as repressors in all aspects of biological function, including
regulation of development, metabolism, and reproduction.

Control of transcription by steroid hormones often involves binding of the
ligand-activated hormone receptors to promoter/enhancer regions of regulated
genes followed by recruitment of coregulators, remodeling of chromatin, and
formation of the transcription initiation complex. In some cases, regulation
of transcription is based on an interaction of the hormone receptors with
other sequence-specific transcription factors. But many regulatory regions
of hormone-responsive genes contain binding sites for the hormone receptors
(hormone-responsive elements [HREs]) and are organized in positioned nucle-
osomes, which are remodeled in the context of hormone induction. To elucidate
these processes, we have studied the induction of the mouse mammary tumor
virus (MMTYV) promoter by the steroid hormone progesterone.

INTRODUCTION TO THE HORMONAL REGULATION
OF THE MMTV PROMOTER

The organization of eukaryotic promoter and enhancer regions in chromatin
also plays an essential role in modulating interactions of regulatory proteins
and transcription factors with their DNA target sequences. The participation of
chromatin dynamics in gene regulation has been studied in great detail. One of
the more extensively characterized model systems is the hormonal regulation
of the expression of the MMTYV. During hormone induction of the MMTV
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promoter, there are rapid changes in chromatin structure as evidenced by the
appearance of a DNase I hypersensitive site in a region containing the HREs.!?
The MMTV HREs were the first to be identified in experiments with the
glucocorticoid receptor (GR),!*"!3 although they were later shown to bind the
progesterone receptor (PR) with high affinity!®!7 and to mediate progesterone
activation of transcription. '8

The MMTYV promoter is organized into positioned nucleosomes, with a nu-
cleosome covering the HREs and the binding site for NF1'° (Fig 1). A full
hormonal activation of the promoter requires not only the HREs but also the
NF1 binding site, indicating that both factors synergize in vivo.'*?° However, in
cell-free transcription experiments with MMTYV promoter DNA, the hormone
receptors activate transcription,>' but no synergism with NF1 is detected. In-
stead NF1 competes with hormone receptors for binding and transactivation
of naked DNA templates.?° In intact cells, however, both hormone receptors
and NF1 occupy their binding sites simultaneously after hormone induction on
the surface of a nucleosome-like particle?? (FIG 1). These results suggested an
important role of the nucleosomal organization of the promoter for efficient
induction.

In addition to PR and NF1, the octamer transcription factor 1 (Octl) par-
ticipates in MMTYV regulation. In fact, a transcriptional synergism has been
described between PR and Octl in vitro and in transient transfection experi-
ments.”> However, because these results have not been confirmed in studies
with chromatin-organized MMTV promoter sequences, we will not further
mention the role of Octl in this review.

When the MMTYV promoter DNA is assembled into nucleosomes in vitro, it
adopts a precise rotational orientation on the surface of the histone octamer that
exposes the external HREs 1 and 4 but leaves inaccessible the central HREs 2, 3,
and 5, which are essential for hormone induction.?* Moreover, NF1 cannot bind
to MMTYV promoter sequences assembled into regular nucleosomes because it
encircles the DNA double helix completely.>*2 Therefore, we concluded that
the nucleosome must experience changes during induction in order to enable
the simultaneous binding of receptors and NF 1 and to facilitate their functional
synergism.

A few minutes after progesterone treatment of breast cancer cells carrying a
single copy of the MMTYV promoter integrated in their chromosomes, a char-
acteristic and sharp DNase I hypersensitive site appears near the symmetry
axis of the nucleosome encompassing the HREs.??> The same hypersensitive
site can be induced by treatment with moderate concentrations of inhibitors
of histone deacetylases, such as sodium butyrate or trichostatin A,?° suggest-
ing that it reflected an “opening” of the chromatin that can be initiated by a
moderate increase in histone acetylation. We have devoted our attention during
the last years to understanding the nature of this hormone-induced change in
chromatin structure and how it is brought about.
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FIGURE 1. Schematic representation of the main cis elements in the MMTYV promoter
and their occupancy in nucleosomes assembled in vitro (1) and in intact cells after hormone
induction (2). The positions covered by the main population of histone octamers are indicated
by the oval labeled nucleosome or nucleosome-like particle. The various HREs, the NF1
binding site, the octamer factor 1 binding sites (Oct1), and the TATA box are indicated. The
numbers refer to the distance in nucleotides from the transcription start site. The hormone
receptor (PR) dimers are represented by violet ovals, the NF1 dimer by green circles, and
Octl by red ovals. Colors appear in on-line version.
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THE LESSONS FROM IN VITRO ASSEMBLED
DYNAMIC MINICHROMOSOMES

To study the biochemistry of the interaction between hormone receptors
and chromatin-organized MMTYV promoter sequences, we made use of chro-
matin assembly systems that generate arrays of nucleosomes mimicking the
behavior of natural chromatin. In our hands the best results were obtained with
extracts from preblastodermic Drosophila embryos, which contain abundant
core histones and the machinery needed for efficient chromatin assembly.?’
Minichromosomes assembled in these extracts exhibit the same translational
and rotational positioning of nucleosomes over the MMTV promoter as de-
tected in the chromatin of intact breast cancer cells, with a nucleosome occu-
pying the HREs and the NF1 binding sites. In the absence of PR and NF1, these
MMTYV minichromosomes are transcriptionally silent when assayed in a cell-
free transcription system. Addition of the factors individually results in a weak
stimulation of transcription by PR and little or no activation by NF1. However,
addition of both factors together causes a strong synergistic transcriptional acti-
vation, which is dependent on preincubation of the minichromosomes with PR
in the presence of ATP, suggesting that an ATP-dependent chromatin remod-
eling process is needed.?® Preliminary experiments indicated that the complex
responsible for this remodeling event in embryonic extracts is NURF,>® which
is recruited to the minichromosomes by PR.?

In DNA footprinting experiments at high concentrations of PR, we detect
ATP-dependent binding of the receptors to the HREs, while NF1 is unable to
bind to the MMTYV promoter in minichromosomes. However, preincubation
of the minichromosomes with PR and ATP facilitates binding of NF1 to the
promoter, generating a continuous footprint over the HREs and the NF1 site,®
as reported in vivo.?? Thus, in extracts that assemble dynamic chromatin, one
can reproduce the physiological behavior of the MMTYV promoter.

At lower, more physiological concentrations of PR, no DNA footprint is ob-
served even in the presence of ATP, but the low levels of receptor are sufficient
to synergize with NF1 and to generate a continuous footprint over the HREs
and the NF1. These results indicate that under physiological conditions not
only does PR help NF1 to bind, but NF1 is needed for optimal PR binding.?
Intriguingly, the transactivation domain of NF1 is not needed for this reciprocal
synergism with PR, suggesting that the only function of NF1 is to stabilize the
“open” conformation of the nucleosome and thus to facilitate access of PR to
the hidden HREs.

H2A/H2B DIMER DISPLACEMENT IN VIVO AND IN VITRO

To identify the ATP-dependent remodeling activity involved in opening
the MMTV chromatin and to define the nature of the “open” nucleosomal
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FIGURE 2. Binding of factors and histone stoichiometry on the MMTYV promoter. (A)
Chromatin immunoprecipitation (Chlp) experiments in T47D-ML cells, carrying a single
copy of the MMTYV promoter integrated in chromatin: recruitment of PR and ATP-dependent
chromatin remodeling complexes. Cells were treated with the synthetic progestin R5020
or with vehicle (—) for 30 min and submitted to Chlp experiments using antibodies to
PR, the Brgl ATPase, or the hSnf2h ATPase. The input (1%) and the precipitated DNA
were amplified by PCR using oligos specific for nucleosome B of the MMTYV promoter.3°
(B) Chlp experiments in T47D-ML cells: displacement of H2A and H2B from the MMTV
promoter following hormone induction. Cells were treated as described in (A) and submitted
to Chlp experiments using antibodies against histones H2A, H4 (upper panel), and H2B
(lower panel). The input and the precipitated DNA were amplified using probes specific
for MMTYV nucleosome B (upper row), nucleosome C (middle row), and nucleosome D
(bottom row). (C) Displacement of histones H2A and H2B from MMTYV but not from
rDNA nucleosomes. Recombinant histone octamers were used to assemble nucleosomes by
salt dialysis on DNA fragments of equal length derived from the MMTYV promoter or from
the mouse rDNA promoter. Both sequence position nucleosomes in two main translational
frames are seen. On incubation with purified yYSWI/SNF in the presence of ATP, Chlp
experiments using antibodies against histones H2A, H2B, and H4 were performed.
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conformation, we performed chromatin immunoprecipitation (ChIP) exper-
iments in T47D breast cancer cells carrying a single copy of the MMTV
promoter.?> Thirty minutes after treatment with the synthetic progesterone
analogue R5020, we could detect PR bound to the MMTV promoter, along
with the coactivator Src-1 and the chromatin remodeling complexes Brgl and
SNF2h (FIG. 2 A).3° Thus, these two remodeling ATPases could be part of the
complexes responsible for the ATP-dependent changes in chromatin sensitivity
to nucleases detected 30 min after hormone exposure.??> Simultaneously, there
is a selective loss of histones H2A and H2B from the promoter nucleosome B,
but not from the adjacent nucleosomes C or D (FiG. 2 B).3°

To test whether ATP-dependent remodeling complexes can displace his-
tones H2A and H2B from MMTYV nucleosomes, we performed experiments
with in vitro assembled nucleosomes and purified ySWI/SNF complex isolated
from Saccharomyces cerevisiae. To our surprise we found that in the presence
of ATP, ySSWI/SNF could displace H2A and H2B from MMTYV promoter nu-
cleosomes, but not from a mouse ribosomal promoter nucleosome assembled
on DNA fragments of the same length (Fic. 2 C).3° Since the proteins used
for this assay were highly purified or recombinant, we conclude that the nu-
cleotide sequence contains topological information that determines not only
nucleosome positioning, but also the outcome of the remodeling process.

HORMONE RECEPTORS AND NF1 CAN BIND TO THE MMTV
PROMOTER IN POSITIONED H3/H4 TETRAMERS

Is the displacement of both H2A/H2B dimers a reasonable model for ex-
plaining the binding of PR and NF1 to MMTYV promoter chromatin on hormone
induction? We know that a tetramer of histones H3 and H4 positions MMT V-
promoter sequences in a very similar way as a histone octamer, and that NF1
can bind to a H3/H4 tetramer particle with relatively high affinity.>! The ques-
tion is whether PR can access the central HREs in MMTYV sequences organized
around an H3/H4 tetramer. To answer this question, we performed band shift
experiments with free DNA as well as with DNA assembled around a histone
octamer or around an H3/H4 tetramer. The results show that whereas PR could
only bind to the exposed HREs on the octamer particle, it could clearly access
the central HREs in the tetramer particle. Thus, a tetramer of histones H3 and
H4 represents a plausible model for the structure of the “open” nucleosome
conformation detected on hormone induction.

HISTONE H1 PARTICIPATES IN OPTIMIZING
HORMONE INDUCTION

The experiments described so far do not take into account the linker histones,
an important structural component of metazoan chromatin. Linker histones
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form a large family of proteins that share a common globular domain and
exhibit variable C-terminal and N-terminal extensions, with basic residues
and sites for phosphorylation by various kinases. The globular domain binds
DNA at the entry site and at the pseudo dyad, whereas the C-terminal domain
contacts the DNA at the exit site and imposes a change on its direction. The
structure of the bound N-terminal extension has not been solved. Given these
interactions linker histones are considered to seal the nucleosomal DNA and
therefore to limit the dynamics of the nucleosome. In fact it has been shown
that in the presence of bound histone H1, the ySSWI/SNF complex cannot
remodel nucleosomes.>? We therefore investigated the role of histone H1 in
the hormonal induction of the MMTYV promoter.

Using mononucleosomes assembled by salt dialysis, we found that histone
H1 binds asymmetrically to MMTYV nucleosomes, with a clear preference for
the distal 5’ end of nucleosomal DNA >3 In agreement with the accepted model,
we found that incorporation of H1 into MMTV minichromosomes increases
nucleosome spacing and reduces access of general transcription factors to the
promoter, thus inhibiting basal transcription.>* However, the absolute values of
transcription and induction by a combination of PR and NF1 were enhanced in
H1 containing minichromosomes.** This unexpected effect was due to the bet-
ter positioning of nucleosomes in the presence of H1,>* and, as a consequence,
a better binding of PR3*:34 and a higher proportion of promoters participating
in transcription.>

But how is the H1 obstacle overcome by the ATP-dependent remodeling
activities involved in hormone induction? We found that in the presence of
bound PR, HI is phosphorylated and subsequently removed from the pro-
moter on transcription initiation.>* Phosphorylation of H1 allows nucleosome
remodeling by ATP-dependent complexes.*> Thus, H1, a structural component
of chromatin that functions as a general repressor of transcription, contributes
to a better regulation of a hormone-inducible promoter by reducing basal tran-
scription and improving induced transcription.

NONGENOMIC EFFECTS OF PROGESTINS

Apart from their direct transcriptional effects, steroid hormones also exhibit
rapid cytoplasmic effects, such as the transient activation of several kinase
cascades. The ultimate targets of the activated kinase cascades are not well
defined, but likely include transcription factors and factors involved in cell
cycle control.?* Traditionally the nongenomic and genomic actions of steroid
hormones have been considered as two independent pathways, but we have
tested the possibility that the two pathways converge in the modification of
structural components of chromatin.

Five minutes after progesterone administration to breast cancer cells, there
is an increase in activity of the components of the Src/Ras/Erk cascade, which
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FIGURE 3. Hypothetical model for the initial steps of MMTYV promoter induction.
Histone H1 is associated with chromatin and improving nucleosome positioning and tight-
ening nucleosome structure. In this way H1 contributes to a further silencing of the gene in
the absence of hormone-activated PR, but improves PR binding to the exposed HRE1.33:34
Nucleosome-bound PR recruits kinases that phosphorylate H1 and H3. Subsequently an
ATP-dependent chromatin-remodeling complex is recruited to the promoter and catalyzes
displacement of H2A/H2B dimers and NF1 binding. NF1 binds to its cognate site and main-
tains the open conformation of the nucleosome, permitting additional PR molecules to bind
to the previously inaccessible HREs, enhancing recruitment of coactivators and the general
transcriptional machinery. It is around this time that H1 is displaced from the promoter.
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is essential for progestin-induced cell proliferation.’® This effect is mediated
by a specific interaction between two domains of the N-terminal half of PR
and the ligand-binding-domain of ERa, which is activated in the absence of
estrogens.?’ Activated ER« interacts directly with c-Src and activates its tyro-
sine kinase activity and consequently the whole MAP kinase cascade. Because
some of the kinases that phosphorylate core histones (Msk1 and 2) and histone
H1 (Cdk2) are downstream substrates of Erk, it is conceivable that the rapid
cytoplasmic effects of steroid hormones are in some way related to their chro-
matin targets. Indeed, selective inhibition of Erk or Msk activation in breast
cancer cells interferes with chromatin remodeling and blocks transcriptional
activation of the promoter. Activated Msk is recruited to the MMTYV promoter
in a complex with activated PR and Erk and phosphorylates histone H3 at
serine 10, leading to displacement of HP1vy and activation of chromatin re-
modeling.®® Inhibiting the activation of the kinases compromises progestin
activation of classical progesterone target promoter. Our results point to a hith-
erto unsuspected link between rapid kinase activation and gene induction by
steroid hormones.

A hypothetical model of how all the processes described in this review could
take place on the MMTYV promoter is proposed in FIGURE 3.

Inratendometrial stromal cells, which have no ERa but only minute amounts
of ER3, progestins activate the Src/Ras/Erk pathway and the PI3K/Akt pathway
via an interaction of PR with ER leading to induction of cell proliferation.>
The low amount of PR in these cells precludes transcriptional activation of
progesterone target genes. Moreover, picomolar concentrations of progestins
unable to trigger transcriptional gene regulation are sufficient for activating
cell proliferation.3® Thus, in these cells the effects of progestins on cell prolif-
eration are physiologically uncoupled from their genomic effects. These results
indicate that the nature of the cross talk between various signaling pathways
used by steroid hormones are cell type—specific and probably specified in the
course of cell differentiation.
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