Eur Respir J 1998; 12: 221-234
DOI: 10.1183/09031936.98.12010221
Printed in UK - all rights reserved

REVIEW

Copyright ©ERS Journals Ltd 1998
European Respiratory Journal
ISSN 0903 - 1936

Transcription factors and asthma

PJ Barnes |.M Adcock

Transcription factors and asthma. P.J Barnes I.M Adcock. ©ERS Journals Ltd 1998.

ABSTRACT: Asthma is characterized by the expression of multiple genes for inflam-
matory proteins, such as cytokines, enzymes, receptors and adhesion molecules. This
is orchestrated by transcription factors, which are proteins that bind to the promoter
regions of these genes and may be activated by inflammatory stimuli, such as
cytokines. Several transcription factors are involved in asthmatic inflammation,
including nuclear factor-xB (NF-xB), activator protein-1 (AP-1), nuclear factor of
activated T-cells (NF-AT), cyclic AMP response element binding protein (CREB) and
signal transduction-activated transcription factors (STAT). These transcription fac-
tors lead to coordinated expression of multiple inflammatory genes. There is increas-
ing evidence that synergistic interaction of these transcription factors (e.g. NF-xB and
AP-1) results in the optimal expression of particular genes, resulting in the specific
inflammatory pattern seen in asthmatic airways. Transcription factors are a target
for antiasthma therapy. Corticosteroids activate glucocorticoid receptors, which
themselves are transcription factors, and interact with other transcription factors to
inhibit their actions. The interaction between transcription factors may be important
in amplifying and inhibiting the inflammatory process. Many transcription factors
interact with a large co-activator molecule CREB-binding protein (CBP) that coordi-
nates the activation of several transcription factors and controls transcription
through the regulation of deoxyribonucleic acid coiling around histone residues in the
chromatin structure. Understanding transcription factors in asthma has given new
insights into the complex chronic inflammatory process, the mechansm of action of
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corticosteroids, and may lead to new approaches to therapy in the future.
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In asthma, there is an increased expression of many pro-
teins involved in the complex inflammatory cascade. These
inflammatory proteins include cytokines, inflammatory en-
zymes, receptors and adhesion molecules. The increased ex-
pression of most of these proteins is the result of increased
gene transcription; many of the genes are not expressed in
normal cells but are induced in asthma. Changes in gene
transcription are regulated by transcription factors, which
are proteins that bind to deoxyribonucleic acid (DNA). This
suggests that transcription factors may play a key role in
the pathophysiology of asthma, since they regulate the
increased gene expression that may underlie the acute and
chronic inflammatory mechanisms that characterize the
disease. Glucocorticoids are the most effective therapy in
the long-term control of asthma and appear to reduce
inflammation in asthmatic airways largely by inhibiting
the transcription factors that regulate abnormal gene ex-
pression.

Transcription factors

Transcription factors are proteins that bind to regulatory
sequences, usually in the 5' upstream promoter region
of target genes, to increase (or sometimes decrease) the
rate of gene transcription. This may result increased or
decreased protein synthesis and altered cellular function.

Transcription factors may be activated by many extracel-
lular influences acting via surface receptors that lead to
phosphorylation by several types of kinase [1, 2], or may
be directly activated by ligands (such as corticosteroids,
thyroid hormone and vitamins). Transcription factors may
therefore convert transient environmental signals at the
cell surface into long-term changes in gene transcription,
thus acting as "nuclear messengers" [3]. Transcription fac-
tors may be activated within the nucleus, often with the
transcription factor already bound to DNA, or within the
cytoplasm, resulting in exposure of nuclear localization
signals and targeting to the nucleus. Thus transcription
factors convert environmental signals into altered gene ex-
pression. In the context of inflammatory diseases, tran-
scription factors activated by inflammatory stimuli (such
as cytokines or viruses) switch on inflammatory genes,
leading to increased synthesis of inflammatory proteins
(fig. 1). In this way, transcription factors may amplify and
perpetuate the inflammatory process, and this makes them
an important potential target in the development of new
anti-inflammatory drugs for asthma. It is possible that
abnormal functioning of transcription factors may deter-
mine disease severity and responsiveness to treatment [4].
Of particular importance is the demonstration that tran-
scription factors may physically interact with each other,
resulting in inhibition or enhancement of transcriptional
activity.



222 P.J. BARNES, I.M. ADCOCK

Inflammatory proteins
Y

1B kinase(s)

Cell
membrane

o)
VA INININY
Inflammatory gene Nucleus

IxB-o. gene B

Fig. 1. — Activation of nuclear factor (NF)-kB involves phosphoryla-
tion of the inhibitory protein IkB by specific kinase(s), with subsequent
ubiquitination and proteolytic degradation by the proteasome. The free
NF-«B then translocates to the nucleus, where it binds to kB sites in the
promoter regions of inflammatory genes. Activation of the IkBo. gene
results in increased synthesis of IxBo to terminate the activation of NF-
kB. mRNA: messenger ribonucleic acid.

Transcription factor families

Several families of transcription factors exist, and the
members of each family may share structural characteris-
tics. These families include helix-turn-helix (e.g. Oct-1),
zinc finger (e.g. glucocorticoid receptors), basic protein-
leucine zipper (cyclic AMP response element binding fac-
tor (CREB), nuclear factor-«kB (NF-kB), activator protein-1
(AP-1)) and B-sheet motifs (e.g. HU) [5]. Many transcrip-
tion factors are common to several cell types (ubiquitous),
whereas others are cell specific and determine the pheno-
typic characteristics of a cell.

Methods for studying transcription factors

There is relatively little information about the regulation
of transcription factors in the airways, particularly in dis-
eases such as asthma. However, molecular methods have
been developed for the investigation of transcription factor
expression and activity. These methods include immuno-
blotting and immunocytochemistry to detect the transcrip-
tion factor protein, electrophoretic mobility shift assays to
measure transcription factor binding to DNA and DNA
footprinting to determine binding to recognition sequenc-
es in particular genes. Many transcription factors have now
been discovered, but we will concentrate on some of the
transcription factors that may be relevant in asthma. In the
future, the genetic control of transcription factor expres-
sion may be an increasingly important aspect of research,
as this may be one of the critical mechanisms regulating
expression of asthma phenotypes and their responsiveness
to therapy.

Transcription factor interactions

One of the most important concepts to have emerged is
that transcription factors may interact with other transcrip-
tion factors. This then allows cross-talk between different
signal transduction pathways at the level of gene expres-
sion [6]. Indeed, it is the interaction of transcription fac-
tors that may give them different properties in different

cell types, as the presence of other transcription factors
will profoundly influence the effect exerted by a particular
factor on gene expression. Interaction between transcrip-
tion factors is particularly relevant to the action of drugs,
such as corticosteroids and cyclosporin A, which activate
or block transcription factors that subsequently modulate
other transcription factors.

Basal transcription machinery

Binding of transcription factors to their specific recog-
nition sequences, or activation of the already bound tran-
scription factors in the control regions (promoters) of target
genes is communicated to the basal transcription machin-
ery bound to the TATA box near the start site of transcrip-
tion. This then leads to activation of the critical enzyme
ribonucleic acid (RNA) polymerase II, via a chain of basal
factors, resulting in increased transcription of the gene and
formation of messenger RNA (mRNA), which in turn is
then translated into a protein. Binding of transcription fac-
tors to their specific binding motifs in the promoter region
may alter transcription by interacting directly with com-
ponents of the basal transcription apparatus or via cofac-
tors that link the transcription factor to the basal
transcription apparatus [7]. Since DNA loops around his-
tone residues, binding of a transcription factor even far
from the TATA box may still allow it to interact.

Large proteins that bind to the basal transcription mach-
inery may interact with many transcription factors and thus
act as integrators of gene transcription. These co-activator
molecules include CREB-binding protein (CBP), which was
first recognized as a protein that the transcription factor
CREB had to bind to in order to exert its effects [8]. Other
co-activator molecules include p300, and these co-activa-
tors may bind multiple transcription factors, thus allowing
complex interactions between different signalling pathways.

Specific and ubiquitous transcription factors

Many transcription factors have now been identified and
a large proportion of the genome appears to code for these
proteins. Many transcription factors are cell-specific and
are responsible for the selective expression of genes that
characterize a particular cell in terms of its structural char-
acteristics, differentiation or function. One example of a
specific transcription factor is the nuclear factor of ac-
tivated T-cells (NF-AT) that regulates the expression of
the lymphocyte proliferative factor interleukin (IL)-2 in
T-lymphocytes. Many transcription factors, such as AP-1
and NF-xB, are ubiquitous and regulate large sets of genes,
so that a coordinated cellular response is produced. There
may also be important interactions between transcription
factors, so that it is necessary to have coincident activation
of several transcription factors in order to obtain maximal
gene expression. For example, IL-8 is regulated by NF-kB
and CAAT/enhancer binding protein (C/EBP)B (formerly
nuclear factor of IL-6). C/EBPP binding alone has little
effect on IL-6 transcription but markedly enhances the
effect of NF-xB binding, resulting in maximal gene ex-
pression [9]. This means that IL-8 will only be maximally
transcribed when both transcription factors are activated
simultaneously by coincident activating signals. These sorts
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of interaction explain how transcription factors that are
ubiquitous may regulate particular genes in certain types
of cell.

Nuclear factor-xB

NF-xB is a ubiquitous transcription factor that appears
to be of particular importance in inflammatory and im-
mune responses. There is increasing evidence that NF-kB
plays a pivotal role in orchestrating the inflammatory res-
ponse and acts as an amplifying and perpetuating mech-
anism [10]. NF-xB was first identified as a regulator of
immunoglobulin ¥ light chain gene expression in murine
B-lymphocytes [11], but has subsequently been identified
in most cell types. NF-xB binds to the kB DNA sequence
5'-GGGACTTTCC-3". Several different NF-xB proteins
have been characterized and belong to the Rel family that
share a ~300 amino acid region known as the Rel homol-
ogy domain that contains the DNA binding elements [12,
13]. The activated form of NF-xB is a heterodimer, which
usually consists of two subunits, p65 (RelA) and p50,
although other forms such as Rel, RelB, v-Rel, p52, p105
(NF-xB1) and p100 (NF-kB2) may also occur. P50 may
be constitutively bound to DNA but requires p65 for trans-
activational activity. Rel proteins have been identified even
in invertebrates, such Drosophila, where they play an im-
portant role in both development and primitive inflamma-
tory responses. Targeted disruption of the genes coding
for p65 or p50 in mice ("knock-outs") results in severe
immune deficiency which is lethal in the case of p65 [14,
15].

Activation of NF-kB

In unstimulated cells, NF-kB is localized to the cyto-
plasm because of binding to inhibitory proteins (IxkB), of
which several isoforms exist (IkB-o, IkB-f, IkB-y, IkB-0,
IkB-¢), the most abundant being IkB-a [16, 17]. When
the cell is appropriately stimulated, specific IkB kinases
phosphorylate IxB, leading to the rapid addition of ubiqg-
uitin residues (ubiquitination) which make it a substrate
for the proteasome, a multifunctional cellular protease
[18, 19] (fig. 1). A specific IxB-a kinase complex (IKK)
has now been identified and contains at least two interact-
ing subunits [20]. Several signal transduction pathways
are in-volved in the activation of NF-kB and enzymes
from the mitogen-activated protein (MAP) kinase path-
ways may interact at various points in the activation of
NF-xB [21]. A newly described kinase, NF-xB inducing
kinase (NIK), is a MAP3K-related enzyme involved in the
activation of IKK by tumour necrosis factor (TNF)-o and
IL-1B [22]. A key enzyme in the stress-activated MAP
kinase pathway that leads to the activation of c-Jun N-termi-
nal kinase (JNK) is MEKKI1, which also activates the
IxB-o kinase complex, indicating that mechanisms that
activate JNK and AP-1, may also activate NF-kB [23].

Degradation of IkB uncovers nuclear localisation sig-
nals on p65 and p50, so it is rapidly transported into the
nucleus where it binds to specific kB recognition elements
in the promoter regions of target genes. The IxB-o. gene
(MAD-3) itself has several kB sequences in its promoter
region, so that NF-xB induces the synthesis of IxB-c,
which enters the nucleus to bind NF-kB and induce its

export to the cytoplasm, thus terminating activation [24].
Newly synthesised IxB-o interacts with, and binds to NF-
kB heterodimers within the cytoplasm and to NF-xB bound
to xB sites within the nucleus [25]. Targeted disruption of
the IxB-a gene results in prolonged activation of NF-kB
and the animals die of inflammation [26]. By contrast,
IxB-B is not induced by NF-kB, so NF-«B is likely to be
activated for a more prolonged period in cell types in
which IkB-f§ predominates [27].

Many stimuli activate NF-xB, including the cytokines
IL-1pB, TNF-q, IL-2 and granulocyte-macrophage colony-
stimulating factor (GM-CSF) [12], oxidative stress (partic-
ularly hydrogen peroxide) [28], viruses (such as rhinovirus
and adenovirus) [29], phorbol esters, lipopolysaccharide
(LPS) and B- and T-lymphocyte activation. Several signal
transduction pathways may be involved in this activation,
but all of these stimuli appear to act via rapidly activated
protein kinases that lead to IkB phosphorylation. The ac-
tivation of these protein kinases may be blocked by anti-
oxidants, such as pyrrolidine dithiocarbamate (PDTC) and
N-acetyl cysteine, suggesting that reactive oxygen species
may act as intermediary molecules in NF-xB activation in
response to a wide range of stimuli [30].

Inflammatory and immune genes

NF-xB is now known to regulate the expression of
many inflammatory and immune genes. Many of these
genes are induced in inflammatory and structural cells and
play an important role in the inflammatory process. Where-
as, NF-xB is not the only transcription factor involved in
regulation of the expression of these genes, it often ap-
pears to have a decisive regulatory role. NF-xB often
functions in cooperation with other transcription factors,
such as AP-1 and C/EBP, that are also involved in regula-
tion of inflammatory and immune genes [9, 31]. Genes
induced by NF-xB include those for the proinflammatory
cytokines IL-1, TNF-o, and GM-CSF and the chemok-
ines IL-8, macrophage inflammatory protein (MIP)-1q,
macrophage chemotactic protein-1 (MCP-1), "Regulated on
activation, normal T-cell expressed and secreted" (RANTES)
and eotaxin, that are largely responsible for attracting
inflammatory cells into sites of inflammation [12, 32-35].
NF-xB also regulates the expression of inflammatory
enzymes, including the inducible form of nitric oxide syn-
thase (iNOS) that produces large amounts of NO [36] and
inducible cyclo-oxygenase (COX-2) that produces pros-
tanoids [37, 38]. NF-xB also plays an important role in
regulating expression of adhesion molecules, such as E-
selectin, vascular cell adhesion molecule-1 (VCAM-1) and
intercellular adhesion molecule-1 (ICAM-1), that are ex-
pressed on endothelial and epithelial cells at inflammatory
sites and play a key role in the initial recruitment of
inflammatory cells [39, 40]. This suggests that activation
of NF-xB leads to the coordinated induction of multiple
genes that are expressed in inflammatory and immune res-
ponses.

Products of genes that are regulated by NF-xB also
cause its activation. Thus, the proinflammatory cytokines
IL-1B and TNF-a both activate, and are activated by, NF-
kB; this may result in a positive regulatory loop that may
be important in amplifying and perpetuating the inflam-
matory response at the local site (fig. 2).
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Fig. 2. — Nuclear factor (NF)-xkB may be activated by a variety of
inflammatory signals, resulting in the coordinated expression of multi-
ple inflammatory genes, including cytokines, chemokines, enzymes and
adhesion molecules. The cytokines interleukin (IL)-1B and tumour
necrosis factor (TNF)-a both activate and are regulated by NF-xB and
may there act as an amplifying feed forward loop. The actions of NF-kB
are inhibited by glucocorticoids via activation of glucocorticoid recep-
tors (GR). PKC: protein kinase C; GM-CSF: granulocyte-macrophage
colony-stimulating factor; RANTES: "regulated on activation, normal
T-cell expressed and secreted" chemokine; MIP: macrophage inflamma-
tory protein; MCO: macrophage chemotactic protein; iNOS: inducable
sum of nitrogen oxide synthesis; COX: cyclo-oxygenase; cPLAj:
cytosolic phospholipase A,; ICAM-1: intercellular adhesion molecule-
1; VCAM-1: vascular cell adhesion molecule-1.

NF-kB also plays a complex role in apoptosis. Inhibi-
tion of NF-xB increases apoptosis in response to TNF-ou
in several cell types, including lymphocytes, suggesting
that NF-kB counteracts apoptosis [41, 42].

Role in asthma

NF-kB may be activated by many of the stimuli that
exacerbate asthmatic inflammation. In experimental animals,
allergen exposure in sensitized animals activates NF-kB
in the lung [43] with concomitant expression of iNOS and
chemokines [44]. In animal studies, in vivo activation of
T- lymphocytes with CD3 antibodies results in marked
activation of NF-kB [45]. Oxidants activate NF-xB in a
human epithelial lines, resulting in increased expression
of iNOS [46] and exposure of animals to the oxidant
ozone results in NF-xB expression in lung [47]. Exposure
of human peripheral blood mononuclear cells, epithelial
cells and lung tissue to proinflammatory cytokines results
in a marked activation of NF-xB that may be prolonged
[48-50]. Virus infections are common triggers of acute
severe exacerbations of asthma and are thought to initiate
a prolonged inflammatory response. Thus, experimental
rhinovirus infection results in the activation of NF-xB and
IL-6 secretion in nasal epithelial cells [29]. Viruses may
activate NF-xB through mechanisms that involve genera-
tion of reactive oxygen intermediates [28]. There is also
evidence for activation of NF-xB in biopsies of patients
with asthma and in inflammatory cells in the sputum [51].

Many of the inflammatory and immunoregulatory genes
(cytokines, enzymes, adhesion molecules) expressed in as-
thma are regulated predominantly by NF-xB. One such
gene that has been studied extensively is iNOS, which is

expressed in airway epithelial cells and macrophages in
asthma [52]. This increased iNOS expression is reflected
by increased amounts of NO in exhaled air of asthmatic
patients [53].

Whereas there are many similarities between the in-
flammatory responses in arthritis, asthma, inflammatory
bowel disease and other inflammatory diseases, there are
also important differences, and clearly factors other than
NF-kB are involved [10]. These differences may relate to
the secretion of specific cytokines, such as IL-5 in asth-
matic inflammation which promotes an eosinophilic in-
flammation. The role of NF-xB should be seen as an
amplifying and perpetuating mechanism that will exag-
gerate the disease-specific inflammatory process through
the co-ordinated activation of multiple inflammatory genes.
Thus, IL-5 alone results in relatively little accumulation of
eosinophils within tissues, but this is enormously ampli-
fied by the local injection of the eosinophil specific chem-
okine, eotaxin, which is regulated via NF-xB [54].

Activator protein-1

AP-1 is a heterodimer of Fos and Jun oncoproteins,
which is a member of the basic leucine zipper (bZIP) tran-
scription family, characterized by a basic leucine-rich area
that is involved with dimerization with other transcription
factors (fig. 3). AP-1 was originally described by binding
to the TPA (tetradecanoylphorbol-13-acetate) response ele-
ment (TRE: 5-TGAC/GTCA-3") and responsible for the
transcriptional activation of various genes that were acti-
vated by phorbol esters (such as TPA, also known as
PMA) via activation of protein kinase C (PKC) [55]. It is
now apparent that AP-1 is a collection of related transcrip-
tion factors belonging to the Fos (cFos, FosB, Fral, Fra2)
and Jun (c-Jun, JunB, JunD) families that dimerize in var-
ious combinations through their leucine zipper region.
Fos/Jun heterodimers bind with the greatest affinity and
are the predominant form of AP-1 in most cells, whereas
Jun/Jun homodimers bind with a low affinity. AP-1 pro-
teins may also form functionally distinct dimeric complex-
es with members of the related bZIP family of activating
transcription factor (ATF)/CREB transcription factors.

AP-1 may be activated via PKC and by various cy-
tokines, including TNF-o and IL-1P via several types of
protein tyrosine kinase (PTK) and MAP kinase, which
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Fig. 3. — Activator protein (AP)-1 is a heterodimer of Fos and Jun proteins.
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themselves activate a cascade of intracellular kinases [56,
57]. Both TNF-o. and IL-1J activate TNF-associated fac-
tors (TRAF), which subsequently activate MAP kinases [21].
Recent studies suggest that there may be interactions bet-
ween the AP-1 activating pathways and NF-xB pathways,
in that TRAF2 (activated by TNF-o) and TRAF-6 (acti-
vated by IL-1P) may both activate NIK and then IKK [21]
(fig. 4).

We have demonstrated the activation of AP-1 in human
lung after stimulation with PMA, TNF-o and IL-1 [50,
58] and in peripheral blood mononuclear cells after activa-
tion with PMA [48]. Certain signals rapidly increase the
transcription of the fos gene, resulting in increased syn-
thesis of Fos protein. Other signals lead to activation of
kinases that phosphorylate c-Jun, resulting in increased
activation. Several specific JNKs are now recognized, and
may play an important role in the regulation of cellular
responsiveness to cytokine signals [57, 59, 60]. Converse-
ly, a Jun phosphatase counteracts the activation of AP-1,
and a deficiency of this enzyme might lead to amplifica-
tion of chronic inflammation.

There is evidence for increased expression of c-Fos in
epithelial cells in asthmatic airways [61], and many of the
stimuli relevant to asthma that activate NF-xB will also
activate AP-1. AP-1, like NF-xB, regulates many of the
inflammatory and immune genes that are overexpressed in
asthma. Indeed, many of these genes require the simulta-
neous activation of both the transcription factors that work
together c-operatively.

The recognition that AP-1 may interact with other tran-
scription factors indicates that cross-talk between different
signal transduction pathways is possible [62]. The acti-
vated glucocorticoid receptor (GR) directly interacts with
activated AP-1, and this may be an important action of
steroids in inhibiting cytokine-mediated inflammatory
res-ponses (see below). AP-1 also interacts with cell-spe-
cific transcription factors, such as NF-AT (see below).

TNF-o. IL-1B
TNER1_ ¥ TNE-R2

; !

Fig. 4. — Interaction between activator protein (AP)-1 and nuclear fac-
tor (NF)-xB activating pathways. Tumour necrosis factor (TNF)-o. bind-
ing to TNF-receptor-2 (TNF-R2) activates TNF-associated factor-2
(TRAF-2) that then activates NF-kB inducing kinase (NIK), which in
turn leads to activation of NF-kB via activation of the IxB kinase com-
plex (IKK). TRAF-2 also activates a mitogen-activated protein (MAP)
kinase enzyme, MEKKI1, which leads to activation of Jun N-terminal
kinase (JNK) and activation of AP-1. Similarly, interleukin (IL)-1B
binds to the IL-1 receptor (IL-1R-1), leading to activation of TRAF-6,
which also activates NIK and MEKK1, resulting in parallel activation of
AP-1 and NF-B.

CAAT/Enhancer binding proteins

C/EBP are transcription factors important in IL-1, IL-6
and LPS-dependent signal transduction and bind to a con-
sensus sequence ATTGCGCAAT, which includes the CAAT
box. These transcription factors are members of the bZIP
class of transcription factors and include C/EBPa, C/
EBPf, C/EBPy and C/EBPS [63]. These transcription fac-
tors are activated by pathways that involve PKC and regu-
late the expression of several inflammatory and immune
genes. They often cooperate positively with other trans-
cription factors, particularly other bZIP proteins, such as
AP-1, ATF and CREB, but also with NF-kB. Thus, in the
regulation of IL-8 gene expression, there is a marked en-
hancement of transcription when C/EBP is activated to-
gether with NF-xB, whereas C/EBPJ activation alone has
little effect [9]. Splice isoforms of these transcription fac-
tors, which appear to have blocking effects on transcrip-
tion, have been identified.

The role of C/EBP in asthma has not yet been defined,
but it is likely that activation of this transcription factor by
inflammatory signals is an important amplifying mecha-
nism for the expression of inflammatory genes, such as
iNOS, COX-2 and certain chemokines, both of which have
C/EBPp recognition sequences in their promoter regions.
Many of the effects of IL-6 are mediated through acti-
vation of C/EBPJ, and this cytokine is produced in in-
creased amounts from macrophages of asthmatic patients
[64] and is further enhanced by allergen exposure via low-
affinity immunoglobulin (Ig)E receptors (FceRIl) [65]. Rhino-
virus infection markedly increases the concentrations of
IL-6 in induced sputum and levels remain elevated for sev-
eral days [66].

Janus kinase (JAK)-signal transducers and activators
of transcription (STAT) family

Several cytokines, including interferons (IFN) activate
specific cytosolic tyrosine kinases known as Janus kinas-
es (JAK) [67-69] (fig. 5). Members of the JAK family

Cytokine

IFN-y> STAT-1
L5 (7 STAT-2
oo
- 41
k12 STAT-5 -
IL-4 — STAT-6

mRNA

Responsive gene

Fig. 5. — JAK-STAT pathways. Cytokine binding to its receptor results
in the activation of Janus kinases (JAK) that phosphorylate intracellular
domains of the receptor, resulting in phosphorylation of signal transduc-
tion-activated transcription factor (STATSs). Activated STATs dimerize
and translocate to the nucleus where they bind to a recognition element
on certain genes. mRNA: messenger ribonucleic acid; IL: interleukin;
IFN: interferon.
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include JAKI1, JAK?2, JAK3, tyrosine kinase (TyK)l and
TyK2 and may be differentially activated by different cy-
tokines. Thus, IL-2 activates JAK1 and JAK3, IL-6 acti-
vates JAK1, JAK2 and JAK3, whereas IL-5 activates JAK2
only. JAKSs are constitutively associated with the cytoplas-
mic domains of cytokine receptors and become activated
upon ligand-induced receptor homo- or heterodimerization.
JAKs then phosphorylate tyrosine residues on the cyto-
plasmic domains of cytokine receptors, which create dock-
ing domains for a family of transcription factors known as
signal transducers and activators of transcription (STATSs)
[63]. Phosphorylation of the SH2 domain of STATSs re-
sults in the formation of homo- or heterodimers that mig-
rate to the nucleus, where they bind to response elements
on promoter sequences to regulate the transcription of
specific genes. An increasing number of STAT proteins
have now been identified, and again, there is a specificity
with particular cytokines. Thus, IFN-y activates STAT1
only, whereas IFN-o activates STAT1 and STAT?2 to form
a STAT1/STAT2 heterodimer, which bind to IFN-vy activa-
tion sequences (GAS). STATs affect transcription by inter-
acting with the co-activator molecules CBP and p300 [70,
71].

There is specificity in JAK-STAT pathways. Thus, IL-6
activates STAT3, whereas IL-4 activates STAT6 [72, 73].
STATG6 therefore provides a novel target for blocking the
effects of IL-4 as a potential treatment for allergic asthma.
STAT6 knockout mice have no response to IL-4, fail to
produce IgE on allergen sensitization and do not develop
Th2 cells in response to IL-4, indicating the critical role of
STAT6 in allergic responses [74]. By contrast, IL-12 sig-
nals via activation of STAT4 [75]. STAT4 knockout mice
have no response to IL-12 and have a propensity to dev-
elop T-helper (Th)2 lymphocytes [76]. IL-5 appears to ac-
tivate several STATS, including STAT1, STAT3 and STATSo
[77-79]. STAT, originally identified as a mediator of the
growth effects of prolactin, also mediates the effects of
GM-CSF [79].

Recently, inhibitors of STATs have been identified that
are themselves regulated through JAK-STAT pathways and
therefore provide a mechanism for switching of cyto-
kine-triggered cellular signalling [80, 81].

Cyclic AMP response element binding protein

Increased concentrations of cyclic AMP (cAMP) also
result in the activation or inhibition of gene transcription.
CAMP activates protein kinase A (PKA), which phospho-
rylates a transcription factor CREB which binds to a cAMP
response element (CRE) in the promoter region of certain
genes [82] (fig. 6). CREB is a member of large family of
CRE binding proteins, including members of the ATF
family. CREB itself binds to CBP that acts as a co-activa-
tor molecule that binds to the TATA box and initiates tran-
scription [83]. CREB may be counteracted by another
transcription factor called CRE modulator (CREM) that
may block the effects of CREB on CRE (although some
splice variants appear to increase CRE binding). CREB ap-
pears to be important in the regulation of ,-adrenoceptor
expression [84]. It is activated by relatively high concen-
trations of [3,-agonists in lung [85] and may play a role in
the downregulation of ,-receptors after chronic exposure
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Fig. 6. — Effect of B-agonists on gene transcription. An increase in
cyclic AMP (cAMP) activates protein kinase A (PKA), resulting in
phosphorylation of cAMP response element binding protein (CREB)
within the nucleus, which binds to a cAMP response element (CRE) in
the upstream promoter region of a responsive gene (e.g., the ,-receptor
gene itself), resulting in increased transcription. Binding of CREB to
CRE is facilitated by CREB binding protein (CBP) and may be blocked
by another transcription factor, CRE modulator (CREM). mRNA: mes-
senger ribonucleic acid; B,AR: B,-adrenoreceptor; AMP and ATP: ade-
nosine mono- and triphosphate; AC: adenylate cyclase.

to B,-agonists [86, 87]. CREB also regulates the expres-
sion of several immune and inflammatory genes, includ-
ing GM-CSF and IL-5.

CREB interacts directly with other transcription factors,
allowing cross-talk between different signalling pathways.
Thus, CREB has a negative effect on AP-1 [88] and gluco-
corticoid receptor (GR) [89]. High concentrations of [-
agonists inhibit the binding of GR to DNA [85, 90]. This
may interfere with the anti-inflammatory effects of ster-
oids and may account for the deleterious effects of high
dose inhaled B-agonists in patients with asthma [91].

CREB binding protein (CBP)

Recent evidence suggests that several transcription fac-
tors interact with large co-activator molecules, such as CBP
and the related p300, which bind to the basal transcription
factor apparatus [92]. Several transcription factors have
now been shown to bind directly to CBP, including AP-1,
NF-xB and STATS [71, 93-95]. Since binding sites on this
molecule may be limited, this may result in competition
between transcription factors for the limited binding sites
available, so that there is an indirect, rather than a direct,
protein-protein interaction (fig. 7). CBP also interacts
with nuclear hormone receptors, such as GR and retinoic
acid. These nuclear hormone receptors may interact with
CBP and the basal transcriptional apparatus through bind-
ing to other nuclear co-activator proteins, including ster-
oid rec-eptor co-activator-1 (SRC-1) [96, 97],
transcription factor intermediary factor-2 (TIF2) or gluco-
corticoid receptor interacting protein-1 (for the glucocorti-
coid receptor) [98]. A newly described nuclear protein
called p300/CBP co-integrator-associated protein (p/CIP)
appears to be partic-ularly important in the binding of sev-
eral nuclear receptors to CBP/p300 [99]. These nuclear
activator proteins associate with nuclear receptors via a
common sequence LXXLL (where L is lysine and X is any
amino acid) [100].
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Fig. 7. — Co-activator molecules. Transcription factors, such as signal-
transduction-activated transcription factors (STAT)s, activator protein
(AP)-1 and nuclear factor (NF)-kB bind to co-activator molecules, such
as CREB binding protein (CBP) or p300, which have an intrinsic his-
tone acetyltransferase (HAT) activity, resulting in acetylation (-Ac) of
histone proteins around which deoxyribonucleic acid (DNA) is wound
in the chromosome. This leads to unwinding of DNA and allows increas-
ed binding of transcription factors resulting in creased gene transcrip-
tion. Glucocorticoid receptors (GR) after activation by corticosteroids
bind to a steroid receptor co-activator (SRC) that is bound to CBP. This
result in deacetylation of histone, with increased coiling of DNA around
histone, thus preventing transcription factor binding leading to gene
repression. CREB: cyclic adenosine monophosphate element binding
protein. Pol II: DNA polymerase II.

DNA is wound around histone proteins to form nucleo-
somes and the chromatin fibre in chromosomes. It has
long been recognized at a microscopic level that chroma-
tin may become dense or opaque due to the winding or
unwinding of DNA around the histone core. CBP and
p300 have histone acetylation activity that is activated by
the binding of transcription factors, such as AP-1 and
NF-xB [101]. Acetylation of histone residues results in
unwinding of DNA coiled around the histone core, thus
opening up the chromatin structure, which allows tran-
scription factors to bind more readily, thereby increasing
transcription (fig. 7). Repression of genes reverses this
process by histone deacetylation [102]. The process of
deacetylation involves the binding of hormone or vitamin
receptors to co-repressor molecules, such as nuclear rec-
eptor co-repressor (N-CoR), which forms a complex with
another repressor molecule Sin3 and a histone deacetylase
[103, 104]. Deacetylation of histone, increases the wind-
ing of DNA around histone residues, resulting in dense
chromatin structure and reduced access of transcription
factors to their binding sites, thereby leading to repressed
transcription of inflammatory genes.

Glucocorticoid receptors (GRs)

GRs are members of the nuclear receptor superfamily
that includes other steroids (oestrogen, progesterone), re-
ceptors for vitamins (vitamins A and D) and thyroid
hormone. GRs are transcription factors that regulate the tran-
scription of several steroid-responsive target genes. GRs
are expressed in most types of cell, and in human lung
there is a high level of expression in airway epithelium
and the endothelium of bronchial vessels [105]. The inac-
tive GR is bound to a protein complex that includes two
molecules of a 90 kDa heat shock protein (hsp90) and an
immunophilin, which act as molecular chaperones, pro-
tecting the nuclear localization site. Glucocorticoids bind
to GRs in the cytoplasm, resulting in the dissociation of
these molecules and rapid nuclear localization and DNA

binding. GRs form homodimers to interact with gluco-
corticoid response elements (GRE: GGTACAnnnTGTTCT),
resulting in increased gene transcription [106]. Recently,
it has become apparent that steroid receptors bound to
DNA may interact with CBP to enhance transcription and
the adenovirus protein E1A, which inactivates CBP, inter-
feres with the action of steroids [96]. Steroids interact
with CBP through binding of their ligand-activated GRs to
p/CIP and other nuclear proteins [99].

Relatively few genes have GREs. One well-studied
example is the human [,-adrenoceptor gene that has at
least three GREs [84]. Corticosteroids increase the tran-
scription of B,-receptors in animal and human lung, and
this may prevent tolerance to the effects of [B,-agonists by
compensating for their downregulation [87, 107]. Cortico-
steroids also increase the transcription of several anti-inflam-
matory proteins, including lipocortin-1, serum leukoprotease
inhibitor, CC-10 and IL-1 receptor antagonist and these
effects are presumably also mediated via GREs in the pro-
moter regions of these genes [108]. Corticosteroids have
also been reported to increase the expression of IkB-o. in
lymphocytes and thus to inhibit NF-xB [45, 109], but this
has not been seen in other cell types [110-112]. The IKB-o.
gene does not appear to have any GRE consensus se-
quence so the effect of corticosteroids is probably medi-
ated via other transcription factors.

Interaction with other transcription factors

The major anti-inflammatory effects of corticosteroids
are via repression of inflammatory and immune genes,
and it was thought that this was likely to be mediated
through negative GREs (nGREs), resulting in gene rep-
ression. However, none of the inflammatory and immune
genes that are switched off by steroids in asthma appears
to have nGREs in their promoter sequences, suggesting
that there must be some less direct inhibitory mechanism.
The inhibitory effect of corticosteroids appears to be due
largely to a protein-protein interaction between activated
GR and transcription factors, such as AP-1, NF-xB and C/
EBP, that mediate the expression of these inflammatory
genes [113] (fig. 8). Direct protein-protein interactions
have been demonstrated between GR and AP-1 [6, 62],
between the p65 component of NF-xB [48, 114, 115] and
some STAT proteins, such as STATs [116], suggesting that
corticosteroids block the binding or activation of these tran-
scription factors and thus suppress activated inflammatory
genes.

There has recently been increasing evidence that corti-
costeroids may have effects on the chromatin structure of
DNA. The repressive action of steroids may be because of
competition between GR and the binding sites on CBP for
other transcription factors, including AP-1, NF-xB and
STATs [71, 93-95]. Activated GR may bind to several
transcription co-repressor molecules that associate with
proteins that have histone deacetylase activity, resulting in
deacetylation of histone, increased winding of DNA round
histone residues and thus reduced access of transcription
factors to their binding sites and therefore repression of
inflammatory genes [102] (fig. 7).

A good example is the inhibitory effect of steroids on
iNOS expression. iNOS is largely regulated via NF-xB
[36] and the inhibitory effect of glucocorticoids on the
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Fig. 8. — Mechanism of gene repression by corticosteroids. There is lit-
tle evidence that glucocorticoid receptors (GR) interact with negative
glucocorticoids response elements (nGRE). Direct interaction between
the transcription factors activator protein (AP)-1 and nuclear factor
(NF)-xB and the glucocorticoid receptor may result in mutual repres-
sion. In this way, steroids may counteract the chronic inflammatory
effects of cytokines and other stimuli that activate these transcription
factors. mRNA: messenger ribonucleic acid; GCS: glucocorticosteroid.

Target gene

induction of iNOS appears to be due to a direct interaction
of GR and the p65 component of NF-xB [117]. This
results in reduced iNOS expression in asthmatic airways
[118] and a reduction in exhaled nitric oxide [119]. Simi-
larly, the eosinophil chemotactic cytokine RANTES, which
is upregulated in asthmatic airways, is inhibited by corti-
costeroids [120—122]. This is likely to be due to an inter-
action of GR with NF-xB and AP-1, which are important
determinants of RANTES expression [33].

The effect of steroid receptor activation is to interfere
with the activation of CBP, which regulates acetylation of
the histone around which DNA is coiled. The effect of
steroids is to result in deacetylation of histone residues
and thus to tighter coiling of DNA, thus excluding tran-
scription factors such, as NF-xB and AP-1, from binding
to DNA [94].

Steroid-resistant asthma

A small proportion of asthmatic patients are ster-
oid-resistant and fail to respond to even high doses of oral
steroids [123—125]. This defect is also seen in mononu-
clear cells and T-lymphocytes isolated from these patients.
A reduction in the number or affinity of GRs cannot ac-
count for the profound loss of steroid responsiveness, but
we have found a marked impairment of GRE binding after
exposure of mononuclear cells to steroids in vitro [126].
This is associated with a marked reduction in the number
of activated GRs available for binding. In the same pat-
ients there is a reduced inhibitory effect of corticosteroids
on AP-1 activation, but not on NF-xB or CREB activation
[127]. Furthermore, there is an increase in the baseline
activity of AP-1 and activation of AP-1 with phorbol
esters showing a greatly exaggerated expression of c-Fos
due to increased gene transcription [128]. This appears to
be due to excessive activation of JNK at baseline and in
response to TNF-a [129]. The increased activation of
AP-1 may result in sequestration of GRs so that no recep-

tors are available for inhibiting NF-kB, C/EBP efc., thus
resulting in steroid resistance. This resistance will be seen
at the site of inflammation where cytokines are produced,
i.e. in the airways of asthmatic patients, but not at nonin-
flamed sites. This may explain why patients with ster-
oid-resistant asthma are not resistant to the endocrine and
metabolic effects of steroids, and thus develop steroid side
effects 1130]. Whether this abnormality is inherited is not
yet certain, although there is often a positive family his-
tory of asthma in patients with steroid-resistant asthma,
indicating that genetic factors may be important.

Nuclear factor of activated T-cells (NF-AT)

NF-AT is a good example of a cell-specific transcrip-
tion factor, as it is predominantly found in T-lymphocytes,
although it is also found in other cells such as mast cells.
NF-AT is of key importance in the regulation of the ex-
pression of IL-2 and probably other T-cell derived cyto-
kines, such as IL-4 and IL-5. Activation of T-cells results
in activation of the phosphatase calcineurin, which acti-
vates a preformed cytoplasmic NF-AT (NF-ATp) (fig. 9).
Calcineurin binds tightly to NF-ATp and is transported
into the nucleus where it continues to dephosphorylate
NF-AT counteracting an NF-AT kinase [131]. At least
three other forms of NF-AT have now been identified
(NF-Atc, NF-AT3 and NF-AT4) and are differentially
expressed in different tissues; all have a Rel-like domain
[132]. AP-1 forms a transcriptional complex with NF-AT
(the nuclear NF-AT previously identified) by interacting
with the Rel domain to increase IL-2 gene expression
[133-135]. This may be inhibited by cyclosporin A and
tacrolimus (FK 506) which inhibit calcineurin, or by ster-
oids which inhibit AP-1 directly. This predicts that there is
a synergistic interaction between cyclosporin A and ster-
oid in inhibiting cytokine gene expression in T-cells, and
this has recently been confirmed in studies of lymphocyte
proliferation and transcription factor suppression [136].

T-cell activation
T-cell receptor/  p(A

CsA® CDS complex ®Coricosteroid
[ eimand | | [
‘ CVa% L/\)
A

v
@ . X
O, & caoreur

/

(NF-AT) *

Fig. 9. — Nuclear factor of activated T-cells (NF-AT) regulates expres-
sion interleukin (IL)-2, IL-4 and IL-5. It is made up of a cytoplasmic
component (NF-ATp) and activator protein (AP)-1. Cyclosporin (CsA)
inhibits NF-AT by inhibiting the activity of calcineurin (CaN), which is
needed for activation of NF-AT, whereas steroids inhibit by blocking the
AP-1 component. This predicts a synergy between these two drugs. GR:
glucocorticoid receptor; PMA: phorbol myristate acetate; PKC: protein
kinase C
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NF-ATp is important for the regulation of IL-4 and IL-5
genes [137]. NF-AT cooperates with AP-1 in the expres-
sion of IL-4 in mice [138], and knock-out of the NF-ATp
gene results in defective IL-4 production [139]. Recently,
an additional transcription factor called NF-AT interacting
protein (NIP-45) has been described that appears to be
involved in the activation of NF-AT and the proto-onco-
gene c-Maf to activate IL-4 transcription [140]. NF-AT
is also implicated in the transcription of IL-5 in T-lym-
phocytes and mast cells, acting in concert with another
transcription factor GATA [141, 142]. Corticosteroids pot-
ently inhibit IL-5 gene transcription, and this may be via
inhibitory effects on AP-1, that interacts with NF-ATp
[143].

Therapeutic implications

The increased understanding of transcription factors has
given new insights into the pathophysiology of asthma,
but has also opened an opportunity for the development of
new antiasthma treatments. Several new therapies based
on interactions with specific transcription factors or their
activation pathways are now in development for the treat-
ment of chronic inflammatory diseases and several drugs
already in clinical use (corticosteroids, retinoic acid, cy-
closporin A) work via transcription factors [144]. One con-
cern about this approach is the specificity of such drugs,
but it is clear that transcription factors have selective ef-
fects on the expression of certain genes and this may make
it possible to be more selective. In addition, there are cell-
specific transcription factors that may be targeted for inhi-
bition, which could provide a selectivity of drug action.
One such example is NF-AT, blocked by cyclosporin A
and tacrolimus, which has a restricted cellular distribu-
tion. In asthma, it may be possible to target drugs to the
airways by inhalation, as is currently done for inhaled cor-
ticosteroids to avoid any systemic effects.

New steroids

The recognition that most of the anti-inflammatory
effects of steroids are mediated by repression of transcrip-
tion factors (transrepression), whereas the endocrine and
metabolic effects of steroids are likely to be mediated via
GRE binding (transactivation) has led to a search for novel
corticosteroids that selectively transrepress, thus reducing
the risk of systemic side effects. Since corticosteroids bind
to the same GR, this seems at first to be an unlikely possi-
bility, but whereas GRE binding involved a GR homo-
dimer, interaction with transcription factors AP-1 and
NF-xB involves only a single GR. A separation of transac-
tivation and transrepression has been demonstrated using
reporter gene constructs in transfected cells using selec-
tive mutations of GR [145]. Furthermore, some steroids,
such as the antagonist RU486, have a greater transrepres-
sion than transactivation effect. Indeed, the topical steroids
used in asthma therapy today, such as fluticasone propion-
ate and budesonide, appear to have a more potent transre-
pression than transactivation effects, which may account for
their selection as potent anti-inflammatory agents [146].
Recently, a novel class of steroids has been des-cribed in
which there is potent transrepression with relatively little
transactivation. These "dissociated" steroids, including

RU24858 and RU40066 have anti-inflammatory effects in
vivo [147]. This suggests that the development of steroids
with a greater margin of safety is possible and may predict
the development of oral steroids to use in asthma.

NF-kB inhibitors

Since NF-kB may play a pivotal role in asthma, this has
suggested that specific NF-kB inhibitors might be bene-
ficial in asthma therapy [148]. Antioxidants which can
block activation of NF-xB in response to a wide variety of
stimuli and drugs, such as pyrrolidine dithiocarbamate,
have proved useful for in vitro studies, but are too toxic for
in vivo development [28]. Spin-trap antioxidants may be
more effective since they work at an intracellular level
[149]. However, antioxidants do not block all of the ef-
fects of NF-kB, and this may require the development of
novel drugs.

Some naturally occurring NF-kB inhibitors have already
been identified. Thus gliotoxin, derived from Aspergillus,
is a potent NF-kB inhibitor that appears to be relatively
specific [150]. The anti-inflammatory cytokine IL-10 also
has an inhibitory effect on NF-xB, via an effect on IxB-a
[151], and is another therapeutic possibility particularly as
there appears to be a deficit in IL-10 secretion in airway
macrophages from asthmatic patients that is correlated
with increases secretion of pro-inflammatory cytokines and
chemokines [152].

Novel approaches to inhibition of NF-xB would be to
develop specific inhibitors of IkB kinases involved in the
initial activation of NF-xB, to block the signal transduc-
tion pathways leading to activation of IxB kinases. Now
that IkB kinases have been identified, it may be possible
to screen and design specific inhibitors. It may also be
possible to inhibit the activity of the enzymes responsible
for its degradation of the IxB complex, although the pro-
teasome has many other important functions, and its inhi-
bition is likely to produce severe side effects. Recently, it
has been possible to block NF-«xB function by targeting of
a specific enzyme (ubiquitin ligase) involved in conjuga-
tion of ubiquitin [153]. It may be more difficult to develop
drugs to directly inhibit the components of NF-kB itself,
but antisense oligonucleotides have been shown to be
effective inhibitors in vitro, and stable cell permeable phos-
phorothioate oligonucleotides are a therapeutic possibility
in the future. Recently, adenovirus- mediated gene trans-
fer of IxB-o has been reported to inhibit endothelial cell
activation [154].

However, it may be unwise to block NF-kB for pro-
longed periods, as it plays such a critical role in immune
and host defence responses. Targeted disruption ("knock-
out") of p65 is lethal because of developmental abnor-
malities [14], whereas a lack of p50 results in immune
deficiencies and increased susceptibility to infection [15].
Topical application of NF-kB inhibitors by inhalation may
prove to be safe, however.

Drug interactions

One of the most important implications of research on
transcription factors is that multiple and complex interac-
tions between these proteins are possible and this leads to
cross-talk between different signal transduction pathways.
This might be exploited therapeutically by the combina-
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tion of drugs that act on different transcript factors or
pathways that may work together co-operatively. For ex-
ample, NF-AT has a cytoplasmic component (NF-ATp)
which is blocked by cyclosporin and tacrolimus, and a
nuclear component AP-1, which is blocked by corticoster-
oids (fig. 9). Combining steroids and cyclosporin may
therefore have a synergistic inhibitory effect on the ex-
pression on genes such as IL-2, IL-4 and IL-5. This has
indeed been demonstrated for IL-2 in human T-cells, where
a combination of both drugs has a much greater suppres-
sive effect than either drug alone [136]. This suggests that
a dose of cyclosporin A that is too low to produce nephro-
toxic side effects, may be combined with an inhaled ster-
oid, so that this synergistic interaction is confined to the
airways.

Another interaction that may be exploited therapeuti-
cally is that between retinoic acid and steroids. Retinoic
acid (vitamin A) binds to retinoic acid receptors that, like
GR, bind to CBP. There appears to be a synergistic inter-
action between steroids and retinoic acid in repression of
transcription factors, such as NF-kB and AP-1, presuma-
bly because of competition for binding sites on CBP. A
synergistic interaction between retinoic acid and steroids
has been demonstrated in the suppression of GM-CSF re-
lease from cultured epithelial cells, suggesting that retin-
oic acid may potentiate the anti-inflammatory effects of
steroids [155]. Novel retinoic acid derivatives activate a
subtype of retinoic acid receptor (RXR) that interacts with
these transcription factors, and therefore, it may be possi-
ble to develop more selective retinoids for this purpose
[156].
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