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Abstract

The molecular pathways that participate in regulation of gene expression are being progressively
unraveled. Extracellular signals, including the binding of extracellular matrix and soluble molecules
to cell membrane receptors, activate specific signal transducers that process information inside the
cell leading to alteration in gene expression. Some of these transducers when translocated to the cell
nucleus may bind to transcription complexes and thereby modify the transcriptional activity of
specific genes. However, the basic molecules involved in the regulation of gene expression are found
in many different cell and tissue types; thus, the mechanisms underlying tissue-specific gene
expression are still obscure.

In this review we focus on the study of signals that are conveyed to the nucleus. We propose that the
way in which extracellular signals are integrated may account for tissue-specific gene expression.
We argue that the integration of signals depends on the nature of the structural organization of cells
(i.e., extracellular matrix, membrane proteins, cytoskeleton, nucleus) that defines a particular cell
type within a tissue. Thus, gene expression can be envisioned as being regulated by the mutual
influence of extracellular and intracellular organizations, i.e., in context.
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[. Introduction

Regulation of tissue-specific gene expression, defined here broadly as the transcriptional and
posttranscriptional control of gene products, depends on the integration of extracellular and
intracellular signals. Extracellular signals include cell-extracellular matrix (ECM) and cell-cell
contacts, and the binding of soluble molecules (e.g., growth factors and hormones) to their
cellular receptors. Intracellular signals are composed of translocating signal transducers and
cytoskeletal rearrangements that convey information elicited by extracellular signals, and the
variety of enzymes that biochemically alter both signal transducers and cytoskeletal proteins.

Recent studies have begun to show how gene expression could be regulated at the nuclear level.
Nuclear functions are operated by the assembly of proteins into supramolecular complexes
characterized by their composition and activities. Alteration of the composition and/or
distribution of these complexes has been linked directly to changes in gene expression. The
sequential assembly of activator/transcription factors and his-tone acetyltransferase
complexes, co-activator and mediator-holoenzyme complexes, and repressor complexes (e.g.,
histone deacetylase complexes) (reviewed by Berk, 1999; Razin, 1998) has been shown to
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regulate gene transcription. Furthermore, modifications of PML protein and NuMA protein
distribution in the nucleus have been shown to be associated with alterations in the cellular
pheno-type (Weis et al., 1994; Leliévre et al., 1998).

The great majority of extracellular and intracellular signals and molecules that form nuclear
supramolecular complexes can be found in different cell and tissue types; therefore, an
additional level of regulation is necessary for tissue-specific gene expression. In this brief
review we analyze how the “context” resulting from the nature of the extracellular signals, the
nature of the cell type, and finally the nature of the organization of cell assemblies that gives
rise to tissues contributes to tissue-specific gene expression.

Il. Specificity of the nuclear response to extracellular signals

Numerous studies have reported that cells respond specifically to different extracellular signals
by altering the expression of defined genes. For instance, mammary epithelial cells cultured
in the presence of prolactin and the ECM component laminin turn on the expression of the milk
protein beta-casein, while hepatocytes cultured in the presence of laminin turn on the
expression of the liver-specific protein albumin. In those cases, tissue-specific gene expression
in response to ECM signaling is illustrated by the fact that laminin-cell membrane interaction
activates a response element in the promoter of the beta-casein gene in mammary epithelial
cells (Schmidhauser et al., 1990) and a response element in the promoter of the albumin gene
in hepatocytes (DiPersio et al., 1991). The presence of response elements in promoters of genes
(which exist for many other types of extracellular signals, including hormones and growth
factors) suggests a simple mechanism by which the pattern of tissue-specific gene transcription
is determined by the extracellular milieu. However, the mechanisms that control the activation
of these promoters involve ubiquitous regulatory molecules. To follow up on the example of
the mammary gland, it has been shown that transcription factor STATS binds to the promoter
of the beta-casein gene in mammary epithelial cells (Myers et al., 1998). STAT5 also binds
the milk protein beta-lactoglobulin promoter after interactions of mammary epithelial cells
with both ECM and prolactin (Streuli et al., 1995). In addition, STAT5 is found in many
different cell types and tissues (Leonard and O'Shea, 1998). Tissues are also enriched with less
ubiquitous types of transcription factors, but so far no transcription factor has been found to
define tissue specificity by itself.

Studies focusing on chromatin structure have unraveled yet another level for the mechanism
of regulation of extracellular context-dependent gene expression. Transcription factors STAT5
and C/ EBPp were shown to be bound to the ECM response element of the beta-casein gene
in a functional mammary epithelial cell line even in the absence of ECM and prolactin.
Nevertheless, there was no beta-casein gene expression in the absence of ECM. Beta-casein
expression could be triggered either by addition of ECM or after treatment with histone
deacetylase inhibitors, suggesting that ECM may allow transcription of the beta-casein gene
also via alteration of histone acetylation (Myers et al., 1998; Pujuguet and Bissell, unpublished
results). This effect on chromatin structure involves apparently ubiquitous regulatory
molecules, such as histone acetylases, that interact with the entire genome and have been shown
to participate in many signaling pathways. For instance, activated RhoA triggers the expression
of integrated serum-response element-controlled reporter genes by cooperating with other
pathways, including SAPK/INK-dependent pathways, to induce histone H4 acetylation
(Alberts et al., 1998). Other studies have shown that neural growth-factor (NGF)-induced
differentiation of PC 12 cells is accompanied by the accumulation of transcriptional co-
activator and histone acetylase p300 in complexes associated with the NGF-responsive DNA
sequence (Billon et al., 1999). These data suggest that a number of extracellular signals are
capable of interfering with the organization of histones bound to specific DNA sequences.
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The specificity of the response to extracellular signals could result from the type of signal
transducers involved. Signal transducers can be defined as the molecules that convey initial
signals to different locations inside the cells. Many signals originating at the cell membrane
will lead to the nuclear translocation of defined signal transducers, including transcription
factors and kinases. Nuclear translocation can be regulated by signaling-induced tyrosine
phosphorylation, as is the case for STAT transcription factors where phosphorylation is
necessary for dimerization and subsequent unmasking of a latent nuclear localization sequence
(Milocco et al., 1999). Nuclear translocation of mitogen-activated protein (MAP) kinases,
which has been proposed to require piggy-backing with transcription factors, is also activated
by phosphorylation (Brunet et al., 1999). Other ways to initiate translocation of signal
transducers include ligand-binding in the cytoplasm, as demonstrated for some steroid
receptors (Htun et al., 1996) or liberation from cytoplasmic complexes as is the case for beta-
catenin and NF-«xB (Novak et al., 1998; Venkataraman et al., 1996). Once in the nucleus, signal
transducers can bind directly to response elements of genes, as shown for STATSs and ligand-
steroid complexes, or form complexes with transcription factors already in place. For instance,
translocated beta-catenin heterodimerizes with members of the LEF/TCF family of
transcription factors to induce gene expression (Tetsu and McCormick, 1999). NF-«B interacts
with histone acetylases p300 and CPB to drive gene activation (Shen et al., 1998). The same
situation has been described for signal transducer Smad3, where once phosphorylated by TGF
beta it can bind to p300 (Gerritsen et al., 1997). Therefore, a number of translocating signal
transducers can be envisioned as triggering signals for the modification or recruitment of the
molecular machines during the initiation of transcription. Again, none of these signal
transducers, by themselves, can define tissue specificity, but some of them can be associated
with certain cell behaviors. Translocation of MAP kinases has been associated with
proliferation and differentiation and NF-«kB plays a role in protection against apoptosis.

lll. Cellular organization regulates gene expression and cell behavior

Itis easily apparent, by reading the tremendous amount of literature available, that the response
induced by specific extracellular signals depends on the cell type, and that different
extracellular signal-triggered pathways share common components at all levels of the signaling
cascade. Therefore, part of the answer to tissue-specific gene expression may lie elsewhere,
for example, in the organization of the cell type. What defines a particular cell type? In addition
to differences in protein composition at the cell surface and throughout the cell, other
characteristics include cellular shape, itself determined by the composition and organization
of the cytoskeleton, the nature of neighboring cells, and the composition and organization of
the extracellular milieu.

Several studies have suggested that the way the cytoskeleton and the nucleus are organized
can influence gene expression and cell behavior. Disruption of microtubules organization was
shown to disturb insulin-induced cell cycle regulation (Teng et al., 1977). More recently,
disassembly of actin filaments was shown to abolish insulin-induced phosphorylation of signal
transducers, including MAP kinase, and c-fos expression in muscle cells (Tsakiridis et al.,
1998). PMA-mediated NF-«B activation and induction of NF-kB-dependent reporter gene
activity was demonstrated to be mediated via microtubules depolymerization in NIH3T3 cells
(Spencer et al., 1999). Alteration in cytoskeleton organization has been shown to accompany
changes in cell shape and thus is likely to be responsible for the modification of cell behavior
observed following modification of cellular form. About two decades ago manipulations of
cell shape via alteration of the surface contact had suggested that shape participated in the
regulation of RNA translation and DNA synthesis (Folkman and Moscona, 1978; Farmer et
al., 1983). Similar manipulations of simply culturing cells on an inert substratum that forces
them to round up allowed rabbit synovial fibroblasts to express collagenase (Aggeler et al.,
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1984) and mammary epithelial cells to express lactoferrin, a milk protein (Roskelley et al.,
1994).

What triggers modifications in gene expression after alteration of cytoskeletal organization?
Many factors, including transcription factors and other signal transducers are known to be
bound to the cytoskeleton. Thus, the reorganization of the cytoskeleton following the receipt
of extracellular signals could release these transducers and alter gene expression. The relation
between changes in the organization of cytoskeletal components and signal transduction is
beginning to be addressed at the molecular level (Kheradmand et al., 1998).

The same scenario is starting to emerge from studies undertaken at the level of the nuclear
structure. For example, the disruption of the nuclear distribution of the structural protein NUMA
in mammary epithelial cells organized into glandular structures (acini) led to the induction of
metalloproteinase activity and the reorganization of the distribution pattern of histone H4
acetylated (Lelievre et al., 1998). DNA binding activities identical to several transcription
factors were found in the nuclear matrix fraction of different cell types, suggesting a role for
the nuclear skeleton or nuclear matrix in the regulation of gene expression (van Wijnen et al.,
1993).

The formation of higher-order cell assemblies into specific tissues defines a specific context
for the regulation of gene expression that is illustrated by the rearrangement of internal cellular
organization and the expression of tissue-specific genes. This was shown using three-
dimensional (3-D) cultures of mammary epithelial cells that recapitulate the formation of
mammary tissue structures (acini). For example, expression of the whey acidic protein, a
marker of lactation, was only achieved following the complete formation of mouse mammary
acini (Chen and Bissell, 1989). The nuclear protein NuMA was shown to reorganize its
distribution from a diffuse pattern in non-acinar human mammary epithelial cells (i.e., cells
cultured as monolayers on plastic or before completion of acinar morphogenesis in early 3-D
cultures) to a multifocal pattern at the nuclear periphery only after the formation of an organized
acinus (Leliévre et al., 1998). Finally, formation of tissue structure appeared to modify the way
signaling pathways interact with each other, as shown by the coupling between the beta-1
integrin and the epidermal growth factor receptor (EGFR) pathways following acini formation,
measured by the downregulation of one pathway after the inhibition of the other (Wang et al.,
1998). Such coupling was not observed in cells cultured as a monolayer.

IV. What determines tissue-specific gene expression?

Given that unique tissue-specific nuclear components have not yet been found, it has been
suggested that the restricted amounts of common nuclear transcriptional regulators may be
determinant for the regulation of tissue-specific gene expression at the nuclear level. Notably,
it has been proposed that competition for the limited amount of histone acetyl transferase
CREB-binding protein (CBP) plays a key role in the modulation of cortical activity in the brain
because CBP immunoreactivity was found to be localized to cholecystokinin mRNA-
expressing neurons in the hippocampus and the thalamus (Stromberg et al., 1999). Similarly,
northern blot analysis of mMRNA from various tissues demonstrated that the heavy ferritin gene
is expressed at high levels in cells containing a high amount of P/CAF transcriptional regulator,
which is known to bind p300/ CBP at gene promoters. Hence, it was argued that the relative
amount of P/CAF in different cell types could be responsible for the cell-specific control of
the ferritin gene (Bevilacqua et al., 1998). Interestingly, the concept of limiting nuclear
regulatory factors can also be applied for the determination of cell behavior in a specific cell
type. For instance, the choice between induction of apoptosis or resistance to apoptosis,
stimulated by p53 or NF-«xB, respectively, has been shown to be determined by the competition
of p53 and NF-«B for the binding of limiting amounts of CBP (Webster and Perkins, 1999).
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The specificity of action of these general regulators of gene expression may be further
determined by the gene's local environment. For example, the CBP protein, referred to above,
can interact with many transcription factors and components of the basal transcriptional
machinery. Therefore, the effect of CBP may depend on the type of multiprotein complexes
that are present around gene promoters. The dynamics of the organization of gene promoters
is well illustrated by studies done on the osteocalcin gene promoter, the regulatory elements
of which have been shown to vary depending on the cellular microenvironment and phenotype
(reviewed by Lian et al., 1998). The emerging concept that the composition of promoter-bound
protein complexes varies helps better understand the specificity of the response to extracellular
signals. Recently, it was shown that the presence of ski oncogenic protein at smad-dependent
gene promoters was responsible for the recruitment of the transcriptional co-repressor N-CoR
and the inhibition of TGF-induced, smad-dependent transcriptional activation (Luo et al.,
1999). Therefore, the balance in the type and amount of nuclear regulatory components that
also participate in nuclear organization may account for the specific response to extracellular
signals and ultimately for tissue-specific gene expression.

Another current explanation that may be adjunct to the above is that cell type-specific nuclear
co-activators, the molecules that bridge activator complexes and the core of the transcription

machinery (holoenzyme), may play a critical role in tissue-specific gene expression. This was
proposed almost a decade ago when the study of stimulation of transcription by E2 enhancers
revealed that the number of promoters stimulated was cell type specific (Forsberg and Westin,
1991). This concept was further supported by the identification of the co-activator TAFII 105,
which appears to be highly expressed at the protein level in B cells compared with other cell

types (Dikstein et al., 1996). However, a co-activator that would be found exclusively in one
particular cell type remains to be discovered.

Finally, as discussed above, cells within a tissue are characterized by their arrangement, the
composition of the membrane receptors, the nature of the cytoskeleton, and the nuclear
compartments. Each of these parameters is likely to contribute to the specificity of the response
to extracellular signals (Figure 1). Therefore, we propose that the way a cell is organized may
create the context that determines how universal and more restricted regulators of gene
expression participate in tissue-specific gene expression. Accordingly, it is expected that
studies that bridge extracellular signaling and intracellular structure would help elucidate the
mechanisms of regulation of gene expression in tissues.

V. Conclusion and perspectives

We can envision gene expression as being regulated in context by the mutual influence of
extracellular and intracellular organizations that are typical of a particular cell type. As many
cell types share the same signal transducers and transcriptional regulators, it appears that what
may play a determining role in tissue-specific gene expression is the way the extracellular
signals are integrated by the cellular organization. Thus we propose that rather than single
molecules being the “master regulators”, the organization of the cellular structure and
machinery together with the balance of regulatory molecules may be playing the primary role
in tissue-specific gene expression. What determines such a balance in a specific cell or tissue
type remains to be elucidated.
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Nuclear organization in context. Taking the example of mammary epithelial cells we describe
how nuclear organization and function are influenced by the extracellular milieu and the
formation of organized cell assemblies. (A) Proliferation vs. growth-arrest in monolayer
cultures. Mammary epithelial cells cultured on plastic surfaces grow as a monolayer (1). The
removal of the epidermal growth factor from the culture medium induces growth arrest (2).
This manipulation alters both gene expression (by controlling gene products responsible for
cell proliferation) and nuclear structure. The latter is exemplified by the redistribution of the
nuclear structural protein NuMA from a diffuse pattern to a more punctate pattern (1 and 2;
see inserts) and the retinoblastoma protein Rb from a diffuse pattern to a multifocal pattern
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(not drawn, Leliévre et al., 1998). The relationship between these alterations in nuclear
organization and the modulation of gene expression remains to be demonstrated. (B) The
hierarchy of nuclear structural alterations during tissue morphogenesis. The formation of
mammary gland epithelial structures (acini) can be recapitulated by culturing mammary
epithelial cells in the presence of reconstituted basement membrane (rBM). Isolated cells
embedded in rBM proliferate to form small clusters of cells (1). They stop proliferating after
a few days (2) and finally become organized into tight and rounded cell assemblies (3). In stage
(1) the nuclear structural protein NuMA is diffusely distributed (see insert); in stage (2) it is
more punctate (see insert) and it becomes organized into enlarged peripheral foci in stage (3)
(seeinsert). Both the cytoplasmic and nuclear architectures are modified during morphogenesis
and signaling pathways interact differently in acini compared with monolayer cultures. Indeed,
it appears that the nuclear architecture itself may have signaling information (see text and
Leliévre et al., 1998). (C) The schematic presentation of the interactions within a breast
structural and functional unit. We take the example of the formation of an organized mammary
acinus (only the epithelial cells are represented here) to illustrate how gene expression can be
regulated in tissue-like structure. The continuous bi-directional communication between
cytoplasmic and nuclear compartments is influenced by the cellular microenvironment defined
by extracellular signals (basement membrane, soluble signals, and cell-cell interactions). The
integrity of this multicellular structural and functional unit coordinates incoming signals and
maintains the acinar phenotype. If the integrity is destroyed the acinar phenotype is altered and
cells may be induced to proliferate or undergo apoptosis. (Reviewed in Leliévre, S. A., Weaver,
V. M., Larabell, C. A., and Bissell, M. J., 1997: extracellular matrix and nuclear matrix
interactions may regulate apoptosis and tissue-specific gene expression: a concept whose time
has come”. In: Getzenberg, R. H., Ed., “Advances in Molecular and Cell Biology.” Greenwich,
CT: JAI Press Inc., pp. 1-55.)
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