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Gene expression is tightly regulated in
response to both extracellular and
intracellular signals, which control
virtually every biological process.
Intracellular signaling molecules such
as steroid hormone, thyroid hormone,
retinoids, and vitamin D exert their
function through direct binding to
their cognate nuclear receptors (1).
Nuclear receptors are transcription
factors that recognize specific
sequences in target genes via a cen-
trally located DNA-binding domain
(DBD). Some receptors bind DNA as
monomers, some as homodimers, and
some as heterodimers with a common
partner, the retinoid X receptor
(RXR). Both the DBD and the COOH-
terminal ligand-binding domain
(LBD) contribute to dimerization.
Many nuclear receptors repress tran-
scription in the absence of ligand, due
to a repression function in the LBD.
Interaction of the LBD with ligand
abolishes repression and activates
transcription via a COOH-terminal
activation domain (activation func-
tion 2, or AF2), which in some recep-
tors works in tandem with an addi-
tional activation domain (AF1) in the
NH2-terminus, or A/B region. There
are over 150 mammalian members of
the nuclear receptor superfamily.
Many of these are "orphan" receptors,
whose ligands are yet to be discovered.

In contrast to the small lipophilic
molecules that signal via nuclear
receptors, extracellular signaling mol-
ecules such as peptide hormones and
cytokines communicate with their
intracellular targets through surface
receptors, which activate signal trans-
duction pathways that ultimately lead
to regulation of gene expression medi-
ated by transcription factors such as
fos, jun, cAMP-response element bind-
ing protein (CREB), and others. Most

often the mechanism involves direct
phosphorylation of the transcription
factor by a kinase that is activated as a
result of the ligand-receptor interac-
tion at the cell surface. Nuclear recep-
tors are also targets of kinases involved
in signal transduction.

In this issue of the JCI, Kremer and
colleagues report that activation of
mitogen-activated protein kinase
(MAPK) attenuates the ligand-depend-
ent transactivation function of the vita-
min D receptor (VDR) and its het-
erodimer partner RXR (2). This effect
appears to be mediated by phosphory-
lation of human RXRα on a serine
residue at amino acid 260 in the pro-
tein. This report not only provides a
potential mechanism for ras-induced
transformation of human ker-
atinocytes, but also has broader impli-
cations because RXR heterodimerizes
with several other nuclear receptors
including thyroid hormone receptor,
retinoic acid receptor, and peroxisome
proliferator–activated receptor. Thus, it
will be interesting to determine in
future studies whether phosphoryla-
tion of RXR alters the biological activi-
ty of these receptors.

Phosphorylation of nuclear recep-
tors provides an important mecha-
nism for crosstalk between signaling
pathways. Phosphorylation has been
shown to modulate the activity of
many nuclear receptors (Table 1). Mul-
tiple kinase pathways have been impli-
cated, including cAMP-dependent pro-
tein kinase, casein kinase, glycogen
synthase kinase (GSK), jun kinase,
cyclin-dependent kinases (Cdks), and
MAPKs. All aspects of receptor func-
tion can be regulated, including DNA
binding and dimerization, transcrip-
tional activity, interaction with cofac-
tors, and ligand-binding affinity.

The mechanism by which phospho-

rylation of RXR inhibits vitamin D sig-
naling is not clear. Phosphorylated
RXR was not recognized by an anti-
body that recognized the nonphos-
phorylated protein, suggesting that
phosphorylation resulted in a confor-
mational change in the protein. Such a
change in tertiary structure might
alter affinity of the VDR/RXR het-
erodimer for transcriptional coregula-
tors. This is an attractive hypothesis
because ligand activation of nuclear
receptors is clearly related to a confor-
mational change that favors coactiva-
tor interaction (3). An alternative pos-
sibility is that the phosphate group
has a more direct role in a critical func-
tion such as coregulator interaction, as
has been observed for the interaction
between phosphorylated CREB and its
main coactivator CBP (4). Although
the structures of the DBD and LBD
have been solved for numerous recep-
tors, no full-length receptor has been
crystallized, nor has the structure of
any phosphorylated nuclear receptor
been determined. Thus, it remains to
be determined which effects of phos-
phorylation listed in Table 1 are due to
conformational changes and which are
due to more localized effects of the
phosphate group on receptor func-
tion. Moreover, the combination of
phosphorylation and ligand binding
may in some cases lead to an entirely
novel structure.

The concept that nuclear hormone
receptor function is determined by
rapid, reversible, and combinatorial
structural changes governing interac-
tions with other cellular proteins pro-
vides a framework for understanding
how the receptor can integrate a vari-
ety of signals in a physiological con-
text. This level of understanding puts
us light years ahead of where we were
just a short time ago.
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Table 1
Phosphorylation of nuclear receptors

Receptor Kinase Site(s) Effect of phosphorylation Reference

AR PKA Ser641, 653 Promote ligand-dependent and ligand-independent activation 5
ER PKA, Ser236 (ERα) Inhibit dimerization and DNA binding 6

MAPK Ser118 (ERα) Promote ligand-dependent and ligand-independent activation 7
MAPK Ser106,124 (ERβ) Promote ligand-dependent and ligand-independent activation 8
Receptor tyrosine kinases Tyr537 (ERα) Enhance ER interaction with SRC-1 9

GR MAPK Ser246 Inhibit ligand-dependent activation 10
CDKs Ser224, 232 Enhance ligand-dependent activation 10
GSK-3 Thr171 Inhibit ligand-dependent activation 11

PR CDK2 Ser 162, 190, 400 Ligand-independent activation 12
Casein kinase Ser102, 294, 345 Regulate hormone-dependent activation 13

TR Casein kinase Ser474,475 (TRα2) Inhibit monomer DNA binding 14
PKA Ser28/29(TRα1) Inhibit monomer DNA binding 15
PKA Ser16/17(v-erb A) Inhibit monomer DNA binding 16

Multiple sites (TRβ) Tissue-specific stabilization 17
Promote RXR heterodimerization 18

RAR Cdk7/TFIIH Ser77 (RARα1) Increase AF1 transactivation 19
PKA Multiple sites RA-dependent activation 20

RXR MAPK Ser260 Inhibit RXR and VDR ligand-dependent activation 2
PKA Multiple sites RA-dependent activation in muscle cells 21

PPARγ MAPK Ser112 (PPARγ2) Decrease ligand-independent activation 22
Decrease ligand-binding affinity 23

JNK/SAPK Ser82 (PPARγ1) Decrease ligand-dependent activation 24
PPARα Insulin-activated kinase Not known Increase ligand-dependent activation 25
SF-1 MAPK Ser203 Promote cofactor recruitment of LBD 26
HNF4 PKA Multiple sites Promote DNA binding 27
Nurr77 PP90rsk Ser354 Inhibit DNA binding 28

This table is intended to illustrate the range of receptors, kinases, and regulated functions. We regret that because of space limitation, not all examples could be cited.


