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COMMENTARY

GENOMIC PHARMACOLOGY: MORE INTRACELLULAR
SITES FOR DRUG ACTION

PIERRE M. LADURON*
Research Center, Rhone-Poulenc Rorer, 94403 Vitry sur Seine, France

Many drugs, if not the majority, interact at the cell
membrane with receptors and ion channels. As a
rule, drugs elicit short-term effects which are
measured in acute animal models. However, with
antidepressant drugs which are also tested acutely
in animal models, several weeks of treatment are
needed before patients improve. This discrepancy is
quite frustrating for pharmacologists who are aware
of the inadequacy of acute pharmacological tests,
in particular when they are looking at novel
antidepressant drugs. In the future, pharmacology
will have to evolve towards long-term approaches
rather than acute models, which are often inap-
propriate. This is particularly so to find more
effective drugs for the treatment of degenerative and
proliferative diseases—today, the major problems in
human health—and also of affective disorders.
Unfortunately, pathological animal models are often
lacking, although this may change in the future with
the development of transgenic mice.

Drugs of the future will be designed so that they
lead to changes in gene expression; this implies that
they will be tested chronically in animal models.
Although the drugs acting on membrane receptors
may also elicit changes in the gene expression (cf.
Ref. 1), nuclear receptors, “third messengers” and
transcription factors will become more important
targets for drug action in the near future. Such a
genomic approach is not new; it has been the
framework for developing hormone therapy, in
particular that involving steroids, which bind to
nuclear receptors as agonists or antagonists [2, 3].
The aim of the present commentary is to try to
define the concept of genomic pharmacology. This
term is extended here to include nuclear receptors
and intracellular proteins other than those belonging
to the superfamily of nuclear hormone receptors.
Indeed, recent evidence suggests the existence of
a nuclear translocation process for membrane
receptors. The intracellular proteins represent
potential new targets for drug action. Furthermore,
a more speculative hypothesis will be presented
according to which the intracellular segments of
membrane receptors could represent a new potential
target for drug action. We will not discuss here all
the data from the literature concerning the changes
in gene expression induced by drugs after acute or
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chronic treatment. Instead, the reader is referred to
a recent review [1].

How to define genomic pharmacology?

The term “genomic pharmacology” is restricted
to drugs that affect gene expression in leading to
long-term biological responses in terms of cell growth
and division, differentiation, cell survival and
plasticity. Drugs inducing only rapid or transient
changes as for instance, through early genes, without
other late consequences should not be included in
the present definition. The biological responses may
occur in different ways but essentially through drug
binding to membrane-bound or nuclear receptors
and to other intracellular proteins. A good example
of genomic pharmacology is the steroids which exert
their biological effects at the transcription level via
nuclear receptors {2, 3]. Drugs acting on membrane
receptors may also induce mRNA changes. However,
little is known about the modifications in gene
expression caused by chronic treatment with such
drugs. Theincreasing number of probes commercially
available to analyze mRNA by Northern blot and
in situ hybridization techniques will allow this new
pharmacological approach to be further developed.

As a rule, proteins, rather than DNA itself
represent the main target for pharmacological agents.
Anticancer drugs alter gene expression by interacting
with DNA [4], but lack specificity since they affect
normal cells as well as tumor cells. DNA does not
appear to be a good target for drugs namely because
of its repetitive helical structure and the fact that it
consists of only two base pairs, AT and GC.
Obviously, synthetic compounds capable of inter-
acting with DNA sequences of one gene would be
much too large to reach their target according to the
principles of drug action. Of course, DNA remains
the main target of antisense strategy [5], which
certainly can contribute to solving numerous
biological problems. However, antisense strategy is
pharmacologically nonsense. Pharmacologists know
from experience that mimicking nature is rarely a
good way to generate effective drugs. The design of
small synthetic compounds remains the most
successful strategy as shown recently with the
development of new classes of drug in the field of
neuropeptides. Indeed, non-peptide antagonists
have been found for cholecystokinin [6], substance
P [7,8] and angiotensin [9]. Besides membrane
receptors, other intracellular proteins are expected
to act as transcription factors and, thus, may become
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Table 1. Putative ligand-activated nuclear receptors

Receptor family

Ligand Reference

Nuclear hormone receptor superfamily

Steroid (estrogen, progesterone, androgen,

[cf. 2, 3, 10, 12-14]

glucocorticoid, mineralocorticoid)

Retinoic acid

Thyroxine
Vitamin D,

Peroxisome proliferator-activated Peroxisome proliferator including hypolipidemic [15]

receptor drugs and plasticizer

Cytokine receptor Interleukin 1 (IL-1) [17-23]
Interleukin 2 (IL-2) [27-31]

Growth factor receptor BDNF [45]
EGF [35]
aFGF and bFGF [40, 41]
NGF [32-36]
PDGF 35, 4]

Peptide receptor Thyroliberin [46]
Insulin [42]
Prolactin (43]
Thymosin [47]
VIP (48, 52]
Neurotensin [49-51, 53, 54, 56]

targets for drug action. Obviously, the transduction
system of membrane receptors (cyclase, phos-
pholipase C, tyrosine kinase, G protein, etc.) is not
an appropriate target for drugs if specific effects are
to be elicited. One of the most intriguing features
of some receptors is the capacity of the ligand-
receptor complex to be translocated from membranes
into the nucleus, leading to specific changes of gene
expression.

Nuclear receptors

Nuclear receptors, well known for steroids, vitamin
Dj, retinoic acid and thyroid hormone, belong
to the receptor superfamily of ligand-activated
transcription factors (Table 1) (see Refs. 2, 3 and
10). The recent cloning and sequencing of cDNAs
have revealed that these receptors share a similar
structure with a high degree of homology. Among
the six different domains of the nuclear receptors,
two are highly conserved: the DNA binding domain
(C) and the ligand binding domain (E). The Cregion
contains zinc finger motifs for binding DNA
sequences, which are called hormone responsive
elements. The location of the progesterone receptor
is essentially nuclear (Fig. 1), whereas estrogen and
glucocorticoid receptors are present not only in the
nucleus but also in the cytoplasm as a complex with
a heat-shock protein. However, recent data indicate
that the presence of the progesterone receptor in
the nucleus reflects a dynamic situation in such a
way that the receptor should diffuse into the
cytoplasm and should be transported back into the
nucleus, suggesting the existence of a nucleo-
cytoplasmic shuttle mechanism [11]. Ligand binding
to estrogen and glucocorticoid receptors results in
the dissociation of masked receptors in the cytoplasm
and causes dimer formation in the nucleus (Fig. 1).

In this regard, three recent papers reported the
formation of heterodimers from different nuclear
receptors [12-14]; retinoid X receptors may be an
auxiliary protein for thyroid hormone, vitamin D,
and retinoic acid receptors in forming heterodimers
which are able to greatly enhance the transcriptional
activity. This interesting process is reminiscent of
interactions reported between the Jun and Fos
families of proteins.

A new member in the class of nuclear receptors,
recently identified, is the peroxisome proliferator-
activated receptor [15]. Several compounds such as
clofibrate, leukotriene antagonists, herbicides and
plasticizers, which are termed peroxisome pro-
liferators, are the ligands of this new member of the
steroid hormone receptor superfamily (Table 1).

Besides the class of hormone receptors whose
nuclear nature has been firmly established, there is a
group of putative nuclear receptors which appear to
be translocated, in certain conditions, from the cell
membrane to the nucleus. More attention will be
focused on these putative nuclear receptors (Table 1).

The interleukin 1 (IL-1)* receptor, an 80 kDa pro-
tein, is a member of the immunoglobulin gene super-
family which binds IL-1a as well as IL-18, although
thereislowamino acididentity between bothinterleu-
kins (26%). The IL-1 receptor from human T cells
has been characterized by molecular cloning as a 552
amino acid transmembrane protein having a single
small membrane-spanning segment [16]. The extra-
cellular portion of the IL-1 receptor is composed of
three immunoglobulin-like domains with three di-
sulfide bonds while the cytoplasmic domain (~215 aa)
does not resemble sequences of known function.

How does IL-1 affect the transcription of specific

* Abbreviations: IL-1, interleukin 1; NLS, nuclear
localization signal; and VIP, vasoactive intestinal peptide.
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Fig. 1. Schema illustrating different types of nuclear receptors. Progesterone and estrogen cross the
cell membrane and then bind to receptors either in the cytoplasm or in the nucleus. In the case of
putative nuclear receptors, peptidic ligands induce internalization and nuclear translocation of all or
part of the ligand-receptor complex. HSP = heat-shock protein.

genes in the cell by binding to membrane receptors?
First, recent experiments have demonstrated that
IL-1 can induce, in T cells and fibroblasts,
internalization of IL-1 receptors which then undergo
extensive down-regulation through degradation in
lysosomes [17,18]. In addition to this, some
internalized IL-1 was found to accumulate in nuclei
in a temperature-dependent process [17, 18]. Thus,
nuclear localization of IL-1 appears to be the
consequence of an endocytosis of the ligand-
receptor complex (Fig. 2). Interestingly, the IL-1
internalization in EL-4 thymoma cells was correlated
with IL-1 signal transduction events to induce IL-2
receptor expression, IL-2 secretion and growth factor
production [19,20]. When internalized IL-1 was
extracted from nuclei, it was recovered bound to
receptors [20}. Specific and saturable binding of '%]-
IL-1a was demonstrated to occur in purified nuclei
isolated from EL-4 cells [21]. That IL-1 receptors
were not detected in nuclei in cells not treated with
IL-1 strongly suggests that the nuclear translocation
is induced by IL-1 binding to cell surface receptors.
More evidence on the role of the cytoplasmic domain
of IL-1 receptors in signal transduction was provided
by using mutant receptors. When murine IL-1
receptor cDNA was modified by almost complete
deletion of the cytoplasmic domain and was expressed
in CHO cells, IL-1 induced prostaglandin release
and colony-stimulating factor production were
blocked but the binding of IL-1 to the receptor was
not affected [22]. Similarly, mutant human fibroblast
IL-1 receptors lacking most of the cytoplasmic
domain were expressed at the cell surface and could
bind, internalize, and translocate IL-1 to the nucleus
but they did not allow IL-1 to mediate the induction
of IL-2 and SV, promoters [23]. A critical region

of the cytoplasmic domain of IL-1 receptors, i.e.
that located between amino acids 477 and 527, is
required to transduce the signal-mediated activation
of gene expression in T cells.

It is not clear whether the basic amino acids 428~
432 (Lys-Lys-Ser-Arg-Arg) of the cytoplasmic region
of IL-1 receptors are essential to mediate the
translocation of the ligand IL-1 receptor complex to
the nucleus as are nuclear targeting sequences of
SV and polyomalarge T antigens and nucleoplasmin
[24]. In contrast, the putative nuclear localization
sequence of IL-18 cannot be implicated in the
nuclear targeting because three proteins mutated in
this sequence, though endowed with lower affinity
for the receptor, showed greater biological potency
than wild type of IL-1a or IL-18 as measured by the
induction of IL-2 secretion [25]. More intriguing is
that substitution of glycine for arginine at position
127 of the mature human IL-18 generates a mutant
which stimulates transcription of fibroblastimmediate
early (fos and jun) and early (IL-6) genes but, in
contrast to wild type IL-18 induces minimal or no
transcription of late genes, such as those encoding
procollagenase and prostromelysin [26]. In
conclusion, there are, today, numerous and already
convincing data indicating that IL-1 induces nuclear
translocation of membrane receptors and that such
a process is directly involved in the changes in gene
expression caused by IL-1. Of course, further studies
are needed to understand how receptors reach the
nucleus from endocytotic vesicles. Another problem
to be solved concerns the molecular mechanisms at
the transcription level. Are DNA responsive
elements and other transcription factors involved as
they are for the nuclear receptors of the hormone
family? The IL-1 receptor already represents the
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Fig. 2. Potential intracellular targets (black boxes) for drug action. The short-term response
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represents any cytoplasmic protein that, in addition to the ligand-receptor complex or a part of it, is
involved in gene expression.

prototype of a protein which behaves either as a
membrane or a nuclear receptor. At the present
time, data available with regard to other cytokines,
growth factors and neuropeptides are more frag-
mentary.

A unique feature of the IL-2 receptor is that it
consists of two distinct components, the IL-2 Ra
chain (p55) and the IL-2 R chain (p70-75). IL-2
internalization and signal transduction only occur in
cells bearing either the long chain or the two IL-2
receptor forms [27-29]. Like the IL-1 receptor, the
IL-2 Ro chain contains a large cytoplasmic region
consisting of 286 amino acids, that lacks an obvious
tyrosine kinase domain. Mutants lacking most of the
cytoplasmic domain become deficient in growth
signal transduction while the high affinity for IL-2
and the internalization process are not affected [30].
As was the case for the IL-1 receptor, a small portion
{46 aa between 267 and 312) of the cytoplasmic
domain of the IL-2 receptor is essential for signal
transduction. Immuno-staining with two monoclonal
antibodies directed against two distinct epitopes of
the p55 subunit of the TL-2 receptor revealed that
the receptor is transiently present in the nucleus
during T cell activation and growth [31]. Here again
as for the IL-1 receptor, membrane receptor
activation by the ligand was necessary to reveal
nuclear localization.

Several growth factors (NGF, BDNF, FGF, EGF
and PDGF) interact with specific membrane
receptors and behave like broad spectrum mitogens
or agents affecting the development and maintenance
of specific populations of cells or neurons. As a rule,
their long-term effects are better known than the
immediate response [32]. One of the major features

of NGF is that it can be taken up at nerve terminals
and then transported retrogradely to the cell body
[33, 34]. Recently, NGF was detected in the nucleus
of melanoma cells where it was bound in a non-
degraded form to chromatin and where cell
surface NGF-receptors were detected by means of
monoclonal antibodies [35, 36]. This suggests that
the NGF-receptor complex present in the nucleus
could play a prominent role at the transcription level
to enhance the expression of numerous genes, in
particular those of enzymes involved in the synthesis
of neurotransmitters (cf. Ref. 32). Interestingly, a
soluble form of NGF receptor generated by
proteolysis of intact membrane receptors was
reported recently [37]; it is tempting to speculate
that such a soluble receptor could originate, at least
in part, in the course of nuclear translocation as is
the case for steroid receptors.

Acidic (aFGF ) and basic (bFGF) fibroblast growth
factors are the prototypes of a family of polypeptides
encoded by at least seven distinct genes (cf. Ref.
38). They exert mitogenic effects on a variety of
cells of mesodermal and neuroectodermal origin.
Surprisingly, systemic administration of FGF was
reported to decrease arterial blood pressure {39].
This rapid response appears to be mediated by
EDREF and by ATP-sensitive potassium ion channels.
FGF receptors, like many other growth factor
receptors, are associated with protein kinase activity.
In primary cultures of bovine aortic endothelial cells,
exogenously added bFGF was first detected in the
cytoplasm and then in the nucleus in a cell cycle-
dependent (G, phase) manner [40]. Indeed, such a
nuclear translocation was not observed in quiescent
confluent cells. Similar results were recently obtained
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in cultured astrocytes and in hippocampal neurons
[41]. By autoradiographic studies it has been
established that labeled bFGF was internalized in
vesicles and was localized to the perinuclear
cytoplasm before being translocated to chromatin
structures of the nucleus. That a mutant of aFGF
lacking a putative nuclear translocation segment
failed to induce DNA synthesis and cell proliferation
argues that nuclear translocation of FGF is necessary
for its mitogenic activity [41].

Other peptide ligands, such as insulin, prolactin,
PDGF, EGF and BDNF were also found to be
located and/or translocated into the nucleus
even though nuclear receptors were not always
demonstrated [35,42-45]. For instance, nuclear
prolactin is necessary for IL-2-stimulated pro-
liferation and the ability of prolactin to activate
nuclear kinase was totally inhibited by a monoclonal
antibody specific for the rat liver prolactin receptor,
implying that the activation process is mediated by
a prolactin receptor [43]. Thyroliberin and thymosin
have also been observed in nuclei by autoradiography
or immunonocytochemistry [46, 47].

For the neuropeptides, evidence of nuclear
receptors is scarce and often indirect. First, it is
important to consider ligand-mediated endocytosis
of receptors other than as a purely degradative
process. However, partial degradation of receptor
bearing vesicles is probably necessary to make
membrane receptors more suitable for nuclear
translocation. In the case of neuropeptides, a first
step of internalization is an absolute prerequisite
since, in contrast to steroids, they do not cross the
cell membrane. Ligand-mediated internalization has
been clearly demonstrated for vasoactive intestinal
peptide (VIP) in vitro [48] and for the neurotensin
in vitro [49,50} and in vive [51]. VIP nuclear
receptors were identified in nuclei of a human colonic
adenocarcinoma cell line by specific binding and
cross-linking of %I-labelled VIP [52], whereas
labelled neurotensin was detected in nuclei of
cholinergic neurons [53] and, more recently, in nuclei
of dopaminergic neurons [54]. As a consequence of
this, VIP and neurotensin were found to increase
tyrosine-hydroxylase mRNA levels in PC; cells and
dopaminergic neurons, respectively [55,56]. For
instance, when labelled neurotensin was injected
into the rat striatum it was recovered, after retrograde
transport, in nuclei of dopaminergic neurons in the
substantia nigra; thus, here, a long distance separated
endocytosis and nuclear localization [51, 56].

In conclusion, the nuclear translocation of
membrane receptors may be pivotal in the regulation
of gene expression, which is thought to be responsible
for the long-term effects of ligands like cytokines,
growth factors and neuropeptides. Much exper-
imental work is needed to clarify the series of events
leading to the appearance of nuclear signals.
However, the data available today seem to point to
a common process operating for a great variety of
ligands. If this concept is true, signal molecules are
translocated within the cell by mechanisms for which
axonal transport and nuclear translocation are the
prototypes.

Intracellular translocation of signal molecules
Signal molecules undergo at least two main
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translocation processes (Fig. 2). The first one is
intracytoplasmic, from the cell membrane to the
perikaryon and may sometimes occur over a very
long distance, as in the axon of neurons. The second
intracellular movement corresponds to nuclear
translocation, whereby signal molecules present in
the cytoplasmic compartment enter the nucleus. The
neuron represents an ideal model to study
intracytoplasmic transport because of the extra-
ordinary eccentricity of nerve terminals with regard
to the cell body. Retrograde axonal transport from
the synapse to the perikaryon has been clearly
demonstrated for three signal molecules: NGF,
opiate and neurotensin [33, 51, 57]. Internalization
of the ligand-receptor complex is a prerequisite for
retrograde transport, a process which may only occur
with agonists. Labelled lofentanil, an exogenous
synthetic opiate, was found to move retrogradely in
the vagus nerve and to accumulate in the nodose
ganglion through a process blocked by naloxone (cf.
Ref. 57). The two main features of the retrograde
axonal transport are: its rapidity and its dependence
on microtubule. Colchicine pretreatment was found
to prevent the retrograde transport of labelled
neurotensin in dopaminergic neurons in rat brain
[51]. Interestingly, colchicine was also reported to
down-regulate cortical cholecystokinin mRNA levels
and to up-regulate mRNA of NPY, galanin,
neurotensin, NGF and BDNF [58, 59]. It is tempting
to speculate that these changes could be due to a
blockade of retrograde transport of signal molecules
acting either positively or negatively. Whatever the
mechanism, colchicine is known to induce profound
changes in the levels of neuropeptides and other
modulators and in the number of presynaptic
receptors. Therefore, it is not surprising that
colchicine has been an effective drug for treating
pathologies as diverse as gout, Mediterranean fever,
non-infectious pericarditis and biliary cirrhosis [60].
Besides therapeutic applications, colchicine and
other microtubule inhibitors are essential tools for
analyzing the cytoplasmic translocation of signal
molecules. In contrast to the GTP binding G,, for
which a retrograde axonal transport was reported
recently [61], second messengers such as cAMP,
inosital 1,4,5-trisphosphate, diacylglycerol or Ca?*
do not move rapidly and retrogradely along axons
to the neuronal cell body. This provides more
support to the idea that proteins or “third
messengers” are pivotal for transferring information
molecules from the membrane to the nucleus (Fig.
2). In this regard, it is generally thought that the
phosphorylation of these proteins may be of great
importance especially at the nerve terminals [62]
where it could play a role in dictating the polarity
of retrograde axonal transport [57]. In the future,
third messengers will probably become more
important targets for drug action. Indeed, these
proteins when transiocated into the nucleus may act
as transcription factors presumably in the form of
dimers. A good example of such a dimer was
provided recently by studying the effects of
cyclosporin and FK-306 on the transmission of signals
from the T cell antigen receptor [63]. A transcription
factor, NF-AT, was formed following the activation
of T cells, which was found to induce the nuclear
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translocation of a a pre-existing cytoplasmic subunit
A and to form the dimer NF-AT with a newly
synthesized nuclear subunit B. The translocation of
the cytoplasmic component A was blocked by FK-
506 and cyclosporin A.

Besides intracytoplasmic transport, there is a
continuous exchange of molecules between the
cytoplasm and the nucleus through the nuclear
envelope which consists of two concentric
membranes, the nuclear pore complexes (see Fig.
1) and the nuclear lamina. The nuclear pore complex
is the site of protein entry into the nucleus and RNA
exits from it. Small proteins cross the nuclear
envelope relatively freely, perhaps by diffusion,
whereas large proteins (40-60kDa) are actively
transported through a process which is saturable,
ATP-dependent, and mediated by a nuclear
localization signal (NLS) (also called karyophilic
segment) contained within the transported protein
itself [64,65]. The nuclear localization of the
progesterone receptor, which reflects a dynamic
process rather than a stable state, is an example of
continuous exchange by which the receptor diffuses
into the cytoplasm and is constantly and actively
transported back into the nucleus [11]. In some
examples, the nuclear import of protein is regulated
through association of the protein with heterologous
cytoplasmic factors. For example, the glucocorticoid
and estrogen receptors reside in the cytoplasm as a
complex with a heat-shock protein (hsp 90) (see Fig.
1). Upon hormone binding, the complex dissociates
and the receptor is targeted to the nucleus. Similarly,
the transcription factor NF-kB is associated, in the
cytoplasm, with a subunit IkB which is released by
cell stimulation, allowing NF-kB to enter the nucleus
and to activate genes [64]. Another example is the
catalytic and regulatory subunits of cAMP-dependent
protein kinase (PK-A) which remains associated
with the Golgi complex until activation of cAMP
elevation whereupon the C or catalytic subunit
dissociates and migrates to the nucleus [65].

As already discussed, membrane receptors may
undergo nuclear translocation following ligand-
induced internalization by a mechanism that remains
to be elucidated. However, a major problem arises
because the ligand-receptor complex is associated
with an endocytotic vesicle, thus necessitating a
disassembly process before it can enter the nucleus.
Indeed, it is quite unlikely that small vesicles pass
through nuclear pores. To solve this problem, two
possibilities have already been invoked: a partial
degradation in lysosomes and/or a disassembly
process in the Golgi apparatus [57]. Another and
perhaps more attractive hypothesis is that the
receptor-bearing vesicles first bind to specialized
proteins of the nuclear pores and then undergo a
kind of “exocytosis”, the mirror image of endocytosis
occurring at the cell membrane for receptor
internalization in such a way that either the ligand—
receptor complex, the ligand alone or the ligand plus
a part of the receptor corresponding to intracellular
segments would be delivered into the nucleus (see
Fig. 2).

Nuclear localization signals are required for the
nuclear translocation of large proteins. These signals
consist of short basic sequence motifs with the amino
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acids arginine (R) or lysine (K), or of two
independent basic domains (bipartite NLS) [24, 65~
67]. The first demonstration for the existence of NLS
came from studies on nucleoplasmin, a nuclear
protein of the Xenopus oocyte, and on the SV40
large T antigen. Deletion and mutation of the basic
sequence PKKKRYV of SV40 T antigen and of the
bipartite nuclear sequence of nucleoplasmin (see
Table 2) were found to cause cytoplasmic accumu-
lation. There are several examples of functional
bipartite signals with spacers of about ten amino
acids, in particular steroid receptors and transcription
factors (Table 2). Interestingly, when short sequences
of the basic peptides corresponding to the NLS of
the thyroid and steroid hormone receptors were
coupled to bovine serum albumin, the peptide—
bovine serum albumin conjugates were found to be
transported to the nucleus [68].

The existence of NLS has not yet been
demonstrated for all of the proteins listed in Table
2 or for many other receptors. However, the bipartite
motif of EGF and muscarinic m; receptors is quite
reminiscent of that of nucleoplasmin, steroid
receptors and transcription factors, whereas the
intracellular domains of muscarinic m;, IL-1, GABA
A and neurotensin receptors possess a sequence
similar to the NLS of SV40 large T antigen. Some
data suggest that the NLS present in HBGF-1ar and
the PDGF B chain, thus in the ligand itself, may be
of importance for nuclear translocation. As a rule a
nuclear localization signal binds to proteins located
at the nuclear pore complex before being transported
to the nucleus. A very large number of karyophilic
proteins may operate through such a mechanism; in
particular, NLS ought to be present in intracellular
domains of numerous membrane receptors such
as f-adrenergic, muscarinic, serotonergic, growth
factor, and interleukin. The efficiency of nuclear
targeting is not always simply related to the presence
or absence of a sequence signal. Indeed, in some
cases, phosphorylating or anchoring proteins, such
as heat-shock proteins or IkB, can modulate nuclear
translocation [64].

Interestingly, the intracellular C terminal segment
of membrane receptors which contains basic
karyophilic sequences, appears to be one of the less
well conserved domains, in contrast to the
transmembrane domains which are the most
conserved. Such a heterogeneity in the intracellular
domains may lead to a great diversity in the long-
term effects of receptors or might be simply the
expression of the cell phenotype. Thus, a given
receptor located on neurons would possess intra-
cellular domains different from those of the same
receptor situated on smooth muscle or endothelial
cells simply because they have to regulate genes
corresponding to the cell phenotype. Such a diversity
in the long-term response does not necessarily imply
the occurrence of a differential pharmacology, since
the amino acid sequence of the ligand binding sites
may be the same in the different receptor subtypes.
In any case, the receptor subtype diversity that
molecular biology has revealed recently [69] is
perhaps the expression of the diversity of the
intracellular domains of receptors rather than that
of the ligand binding sites. Recent data on truncated



Genomic pharmacology

1239

Table 2. Comparison of amino acid sequences of (potential) nuclear localization signals
NLS

Protein Source Position Signal sequence
Large T antigen SV40 P KKKRK v
Nucleoplasmin Xenopus 3144 KR PAATKKAGQA KKKK
Glucocorticoid R Human 479 RK cLGAGMNLEA RKTKK
Progesterone R Rabbit 627 RK ccoaoMvLGG RKFKK
Androgen R Human 432 RK CYEAGMTLGA RKLKK
C-Fos Human RR ERNKAAAKC RNRRR

Mouse

Rat
Jun-B Mouse 271 KR LRNLAATKC RKKK
EGF R Human 645 RRR Hiv RKR TL RR
Muscarinic m; R Porcine 437 D KRR wrkip KK P

Rat
GABA, R;3 Human 346 KK vPEALEM KKK
GABA,R;2 Human 326 pSKDKD KKKK p
Bradykinin B,R Rat 311 GKR FRKK s
Muscarinic m; R Rat 562 D KRKRRK @
IL-1R Human 427 vKKsSRRL
Neurotensin R Rat 386 RH RRKKR P
PDGF A chain Human G KKRKRKR
HBGF-1, 21 NYKKPKL

A single letter amino acid code is used; basic amino acids (R = arginine and K = lysine)
are indicated in bold letters. Amino acid clusters presumably important in nuclear targeting
appear as one short basic sequence or as two independent basic domains (bipartite NLS).

In the first column, R = receptor.

or mutated receptors give more support to the idea
that intracellular domains are of greater importance
than membrane and extracellular domains for the
long-term effects of membrane receptors [23, 30, 70].
Quite intriguing is that mutation of the a;B-
adrenergic receptor at the third intracellular loop
was found to enhance mitogenesis and tumorigenicity
[70]. This is quite compatible with the idea that
mutations of the intracellular domains may result in
human disease states associated with uncontrolled
cell growth. Therefore, the intracellular domains of
receptors may become important potential targets
for drug action.

Future prospects

Genomic pharmacology originates from what we
know about the hormone nuclear receptors, the
functional dissection of which has been made possible
by molecular biology. However, today, genomic
pharmacology is gaining new adepts: it spreads to
research areas as the neuropeptide, cytokine and
growth factor fields but probably also to other
domains. The reasons for this are the recent
experimental data suggesting that membrane recep-
tors undergo internalization leading to nuclear
translocation to play, in the nucleus, the role of
transcription factors. Asshownin Fig. 2, amembrane
receptor may exert a double function in different
cell compartments: first, a short-term effect through
the transduction mechanisms and the second
messengers following ligand binding to membrane
receptors; and then a long-term response, i.e. gene
expression changes, which are the consequence of
receptor internalization and nuclear translocation of
third messengers. Therefore, the receptor domains

involved in regulating gene expression as well as
other third messengers are assumed to become
potential targets for drug action.

Further experimental work is needed to identify
the nature of these third messengers. Because they
are proteins, they contain a great diversity of
messages and, in contrast to second messengers,
may be transported over a very long distance, for
example from synapses to the cell body. Receptors
operate in the vicinity of cell membrane for the
short-term effects but in the nucleus for the long-
term responses. As shown in Figs 1 and 2, the third
messengers can be the whole receptor with or
without its ligand, or only a part of them
corresponding to the intracellular domains in
particular the C terminal segment, and/or any other
cytoplasmic proteins. One may assume that they act,
in the nucleus, as heterodimers. Although the long-
term responses of growth factors and cytokines are
much better known than their short-term effects,
recent data indicate that FGF may elicit hypotension
[39] and IL-1 may impair both vascular contraction
and relaxation in rabbit isolated aorta [71]. Similarly
neurotensin in the striatum enhances dopamine
release through presynaptic neurotensin receptors
located on dopaminergic nerve terminals whereas
the long-term response of neurotensin in the
substantia nigra is to increase the synthesis
of tyrosine hydroxylase after retrograde axonal
transport of the ligand-receptor complex [51, 56].
Conversely opiate inhibits substance P release at
nerve terminals and decreases the anterograde
axonal transport of substance P through a mechanism
not yet elucidated [72].

The long-term response of neurotensin in
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dopaminergic neurons is the consequence of an
internalization of signal molecules. In Escherichia
coli, the lac operon is regulated by lactose when this
signal molecule is present in the external milieu in
quite large amounts. By contrast, the blood
concentration of steroids is extremely low, which
does not prevent these hormones from reaching
nuclear receptors. Unlike steroids, neuropeptides
cannot cross the cell membrane; thus they have to
be internalized if they are to enter the cell to change
the gene expression. A few molecules may serve as
an “interiorized” message in the latter process which
appears to be one of the most economical and quite
selective since it is receptor dependent. In the brain
such a long distance signalling system is believed
to be involved in long-term processes such as
development, neurogenesis, neuronal plasticity and
presumably in long-term memory [57].

Asalready mentioned, several transcription factors
exist in the form of dimers and even heterodimers
[13,14,63). The coexistence of different neuro-
transmitters in neurons [73] is entirely compatible
with the occurrence of heterodimers in the
postsynaptic side. Indeed, if two transmitters coexist
in a neuron, they will be co-released and then co-
internalized at the postsynaptic side so that
heterodimers can be formed from the two internalized
receptors. Such a process may be of importance in
modulating gene expression.

Our hypothesis throughout this commentary
has been that more intracellular proteins, third
messengers, transcription factors and the intracellular
domains of membrane receptors will become
potential targets for drug action. These drugs will
act, therefore, at a step distal to the cell membrane
receptors and known second messengers. The great
advantage of drugs that interact within the cell rather
than on the ligand binding sites is that they can
selectively affect the long-term response of the
agonist while preserving the short-term effects (cf.
Fig. 2). This approach may yield more selective
drugs and perhaps drugs that are specific to a
particular cell type owing to the great diversity of
receptor subtypes that molecular biology is now
revealing. Such a view is not utopian: a recent report
has shown that the absence of a single amino acid
in the progesterone receptor may render the
antiprogesterone RU 486 ineffective in the chick
and the hamster [74]. In order to treat proliferative
and degenerative diseases, one needs drugs designed
for long-term responses that can change gene
expression.
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