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Nur77 is phosphorylated in cells by RSK in response to mitogenic
stimulation
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Nur77 is a nuclear orphan receptor that is able to activate tran-
scription independently of exogenous ligand, and has also been
shown to promote apoptosis on its localization to mitochondria.
Phosphorylation of Nur77 on Ser354 has been suggested to reduce
ability of Nur77 to bind DNA; however, the kinase responsible for
this phosphorylation in cells has not been clearly established. In
the present study, we show that Nur77 is phosphorylated on this
site by RSK (ribosomal S6 kinase) and MSK (mitogen- and stress-
activated kinase), but not by PKB (protein kinase B) or PKA
(protein kinase A), in vitro. In cells, phosphorylation of Nur77

in vivo is catalysed by RSK, which is activated downstream of
the classical MAPK (mitogen-activated protein kinase) cascade.
Phosphorylation of Nur77 by RSK is able to promote the binding
of Nur77 to 14-3-3 proteins in vitro, however, no evidence could be
seen for this interaction in cells. We have established that two re-
lated proteins, Nurr1 and Nor1, are also phosphorylated on the eq-
uivalent site by RSK in cells in response to mitogenic stimulation.

Key words: apoptosis, nuclear orphan receptor, Nur77, phos-
phorylation, protein kinase B (PKB), ribosomal S6 kinase (RSK).

INTRODUCTION

Nuclear orphan receptors form part of the nuclear receptor family
of transcription factors, which also includes retinoid, steroid and
thyroid receptors. Nuclear orphan receptors are proteins for which
no ligand is currently described, either because the ligand has not
yet been identified or because they act in a ligand-independent
manner [1]. The immediate early gene Nur77 (also referred
to as NR4A1, NGFI-B or TR3) along with the related proteins
Nurr1 (NR4A2) and Nor1 (NR4A3) make up one such group of
nuclear orphan receptors referred to as the NR4A group. Nur77 is
expressed in a variety of cell types, and has been implicated in both
the regulation of genes in the hypothalamic–pituitary–adrenal axis
associated with inflammation and steroidogenesis and also in the
regulation of apoptosis. In T-cells, Nur77 is suggested to promote
the apoptosis of immature self-reactive T-cells in the thymus
[2–5], while, in other cell types, Nur77 has been reported to both
promote or inhibit apoptosis [6–9].

Nur77, and also Nurr1 and Nor1, are able to bind as monomers
to NBREs [NGF (nerve growth factor)-induced B factor response
element) (AAAGGTCA) and as homodimers to NurREs (Nur
response elements) (TGATATTTX6AAATGCCA) in DNA [10].
At present, no physiological ligand has been described for Nur77,
although recently it has been suggested that 1,1-bis-(3′-indolyl)-
1-(p-substituted phenyl) methanes may be able to activate Nur77
[11]. In most circumstances, Nur77 is thought to regulate tran-
scription independently of ligand binding and, consistent with
this, expression of Nur77 protein has been shown to be sufficient
to activate transcription from Nur77-dependent reporter genes
without the need for ligand stimulation [10,12]. The recent crystal
structure of the ligand-binding domains of Nurr1 and Nur77
shows that these domains exist in a closed confirmation with the
ligand-binding cleft inaccessible [13,14], consistent with a ligand-

independent mechanism of action for these proteins. Given that
regulation of NR4A transcriptional activity does not require ligand
binding, it seems likely that NR4A regulation must occur via dif-
ferent mechanisms. Two possible ways this could occur are via
the control of Nur77 protein levels in the cell, or by post-trans-
lational modifications of Nur77, such as phosphorylation, and
evidence exists that both of these mechanisms may play a role.
The Nur77, Nurr1 and Nor1 genes are immediate early genes, and
can be up-regulated in cells via a variety of stimuli, including NGF,
depolarization, serum, PMA, EGF (epidermal growth factor)
and anisomycin [15–17]. Nur77 protein has also been shown to
be a phospho-protein in cells, suggesting that its activity may
be controlled by protein kinase signalling cascades, a mechanism
common to other nuclear receptors as well as unrelated tran-
scriptionfactorssuchasFOXOs(forkheadboxOs),CREB (cAMP-
response-element-binding protein) and Ets factors [18–20].

Nur77 has been reported to be phosphorylated at several sites,
including Ser142, Thr145 [21,22] and Ser354 (amino acid numbers
are for murine Nur77). Ser354 lies in the A box of the DNA-
binding domain of Nur77, a region of the protein adjacent to the
zinc-finger domain. The phosphorylation of Ser354 is potentially
important in Nur77 regulation, as phosphorylation of this site
has been suggested to inhibit the DNA binding of Nur77 [23].
Consistent with this, the crystal structure of the Nur77 DNA-
binding domain has shown that Ser354 forms a hydrogen bond to
the phosphate backbone of the DNA [24]. Based on the crystal
structure, the introduction of a negative charge by phosphorylation
of this residue would be expected to interfere with the binding of
the A box to DNA.

While there is evidence that phosphorylation of this site can
have functional significance in cells, the pathways and kinases
which control phosphorylation of this site are less well under-
stood. In PC12 cells (derived from rat pheochromocytoma)
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stimulated with NGF or bFGF (basic fibroblast growth factor)
Nur77 was reported to be phosphorylated on multiple sites. PMA
or EGF stimulation was also reported to stimulate the phos-
phorylation of Nur77, but on fewer sites than NGF or bFGF [25],
although the phosphorylated sites were not identified in these stud-
ies. Using phospho-specific antibodies against Ser354, NGF but not
membrane depolarization [26] was found to promote phosphoryl-
ation of this site in PC12 cells. In NGF-stimulated PC12 cells,
the kinase responsible for the phosphorylation of Ser354 of Nur77
was initially described as being distinct from RSK (ribosomal
S6 kinase), but identical with the kinase responsible for the
phosphorylation of CREB [23]. The kinases that phosphorylate
CREB have since been identified as MSK1 (mitogen- and stress-
activated protein kinase 1) and MSK2 [27,28], which are known
to be able to phosphorylate similar targets to RSK in vitro [29].
In contrast, other studies have reported that RSK is able to phos-
phorylate Nur77 in vitro [30,31], and also in cells [32]. These
studies made use of biochemical purification and characterization
of the Nur77 kinase in order to identify it; however, this can give
rise to misleading results as partially purified kinases which phos-
phorylate a substrate in in vitro assays are not always the physio-
logical kinases for the substrate. It is therefore necessary to also
use other approaches to confirm that the correct kinase has been
identified. More recently, PKB (protein kinase B)/Akt has
been suggested as the kinase responsible for phosphorylation of
Ser354 in Nur77. PKB has been shown to be able to phosphorylate
the DNA-binding domain of Nur77 in vitro, and overexpression of
PKB was found to stimulate the phosphorylation of Nur77 in both
HEK-293 cells (human embryonic kidney 293 cells) and T-cells
[2,33]. The phosphorylation of Nur77 in response to platelet-
derived growth factor was reported to be inhibited by the PI3K
(phosphoinositide 3-kinase) inhibitor wortmannin, which blocks
the activation of PKB [33]. PKA (protein kinase A) has also
been shown to phosphorylate the DNA-binding domain of Nur77
in vitro [26]. PKA, however, appears unlikely to phosphorylate
Nur77 as agents that elevate cAMP in cells, and therefore activate
PKA, have been shown in vivo to stimulate DNA binding of Nur77
and promote its dephosphorylation at Ser354 [34,35].

In the present paper, we have re-examined the phosphorylation
of Nur77 on Ser354. Using a combination of cell-permeable kinase
inhibitors and mouse knockin mutations, we show that Nur77 is
phosphorylated by RSK in response to mitogenic stimulation of
cells. We also find that RSK phosphorylates the equivalent site in
both Nurr1 and Nor1. Phosphorylation of Nur77 on Ser354 did not,
however, appear to affect the transcriptional activity of Nur77, or
its ability to bind 14-3-3 proteins in vivo.

MATERIALS AND METHODS

Plasmids

To produce GST (glutathione S-transferase)-tagged Nur77 ex-
pression vectors, the murine Nur77 ORF (open reading frame)
was PCR amplified from IMAGE EST (expressed sequence
tag) 3156434 with the primers gcggatccCCCTGTATTCAAGCT-
CAATATGGAACACC and gcggatccTCAGAAAGACAATGT-
GTCCATAAAGATCTTGTCC using the Expand HiFidelity PCR
system (Roche). The PCR product was subcloned into pCR2.1
(Invitrogen) and sequenced. The resulting plasmid pCR2.1-Nur77
was digested with BamHI and subcloned into the same site
in pGEX6P-1 or EBG2T, resulting in pGEX6P-1-Nur77 and
EBG2T-Nur77. pCMV5-FLAG-Nur77 was produced in a similar
fashion but the ORF was amplified using primers which added a
FLAG epitope to the 5′-end of the fragment. This was subcloned

into pCR2.1, sequenced and finally cloned into pCMV5 to pro-
duce pCMV5-FLAG-Nur77.

Nor1 was PCR amplified from IMAGE EST 30643330 using
the primers gcggatccCCCTGCGTGCAAGCCCAGTATAG and
gcggatccTCAGAAAGGCAGGGTGTCAAGGAAGA, which
added BamHI restriction sites to both ends. The resulting fragment
was cloned into pCR2.1-TOPO (Invitrogen) and sequenced to
completion. The EST was found to contain a F438S mutation
which was corrected using the QuickChange Site Directed Muta-
genesis kit (Stratagene). The insert was then ligated into the
BamHI site in EBG6P to produce EBG6P-Nor1. An N-terminal
FLAG tag was added via PCR following the above procedure
and ligated into the BamHI site of pCMV5 to produce pCMV5-
FLAG-Nor1.

Murine Nurr1 was cloned from cDNA made from PMA-
stimulated fibroblasts using the primers ATGCCTTGTGTTCAG-
GCGCAGTATGG and TTCTTTGACGTGCTTGGGAGAAG-
GTC. The PCR product was cloned into TOPO and sequenced.
A FLAG tag was added by PCR and the insert was cloned into
pCMV5 to generate pCMV5-FLAG-Nurr1.

DNA sequencing was carried out by the sequencing service
(School of Life Sciences, University of Dundee, Scotland, U.K;
www.dnaseq.co.uk) using Applied Biosystems Big-Dye Ver3.1
chemistry on a capillary sequencer.

Expression and purification of GST–Nur77 in Escherichia coli

GST–Nur77 was expressed in BL21 DE3 plysS E. coli from
the plasmid pGEX6P-1-Nur77. Expression was induced by the
addition of 100 mg/ml isopropyl β-D-thiogalactoside, and the cul-
ture was then incubated for a further 4 h at 20 ◦C. Cells were
collected by centrifugation and resuspended in lysis buffer
(50 mm Tris/HCl, pH 7.5, 150 mM NaCl, 1 % Triton X-100, 1 mM
EDTA, 1 mM EGTA, 0.1% 2-mercaptoethanol, 2 mM PMSF and
1 mM benzamidine). Cells were then lysed by sonication and in-
soluble material was removed by centrifugation at 20000 g for
15 min. GST–Nur77 was then bound to glutathione–Sepharose
(Amersham Biosciences), then washed 4 times in lysis buffer,
4 times in 50 mm Tris/HCl (pH 7.5), 500 mM NaCl, 1% Triton
X-100, 1 mM EDTA, 1 mM EGTA, 0.1 % 2-mercaptoethanol,
2 mM PMSF and 1 mM benzamidine and once in 50 mM Tris/HCl
(pH 7.5) and 0.27 M sucrose. GST–Nur77 was then eluted with
50 mM Tris/HCl (pH 7.5), 0.27 M sucrose and 20mM glutathione.

Phosphorylation reactions and phospho site mapping

One unit of activity (unit) was the amount which catalysed the
phosphorylation of 1 nmol of peptide substrate (GRPRTSSFAEG
for RSK, MSK1 and PKB or LRRASLG for PKA) in 1 min. Pro-
teins were phosphorylated using 20 m-units of kinase in 50 mM
Tris/HCl (pH 7.5), 0.1 mM EGTA, 0.1 % 2-mercaptoethanol,
10 mM magnesium acetate and 0.1 mM [32P]ATP at 30 ◦C for the
times indicated. Reactions were stopped by the addition of SDS to
a final concentration of 1 % (w/v). Samples were run on a 4–12%
(w/v) polyacrylamide gel, and the substrate band was excised
and the amount of 32P incorporated was measured by Cerenkov
counting. For phospho site mapping, the protein was reduced
with dithiothreitol, alkylated with 4-vinylpyridine and digested
with trypsin. The resulting peptides were applied to a Vydac
218TP5215 C18 column equilibrated in 0.1% trifluoroacetic
acid and the column was developed with a linear gradient of
acetonitrile/0.1 % trifluoroacetic acid at a flow rate of 0.2 ml/min
while collecting 0.1 ml fractions. 32P radioactivity was recorded
with an on-line monitor. Phosphorylation site mapping was
performed essentially as described previously [36]. Identification

c© 2006 Biochemical Society



Phosphorylation of NR4A proteins 717

of 32P-labelled peptides was performed by MALDI–TOF (matrix-
assisted laser-desorption ionization–time-of-flight) MS on a
PerSeptive Biosystems Elite STR using a matrix of 10 mg/ml
α-cyanocinnamic acid in 50% (v/v) acetonitrile/0.1% trifluoro-
acetic acid/2 mM diammonium citrate. Analyses were also carried
out by electrospray on a Waters QToF II. Sites of phosphorylation
within the peptides were determined by solid phase Edman se-
quencing on an Applied Biosystems Procise 494C after coupling
the peptide covalently with a Sequelon-arylamine membrane and
measuring by Cerenkov counting the 32P radioactivity released
after each cycle.

Cell culture and lysis

HEK-293 cells were cultured in DMEM (Dulbecco’s modified
Eagle’s medium) containing 10% (v/v) foetal bovine serum
(Sigma), 2 mM L-glutamine, 50 units/ml penicillin G and 50 µg/
ml streptomycin (Invitrogen). HEK-293 cells were transfected
using a modified poly(ethyleneimine)-based method as descri-
bed in [37]. ES cells (embryonic stem cells) were cultured
on gelatinized plates in DMEM containing 15% (v/v) serum
(Hyclone), 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM
2-mercaptoethanol, 50 units/ml penicillin G, 50 µg/ml strepto-
mycin (Invitrogen) and 1000 units/ml LIF (leukaemia inhibitory
factor) as described in [38] and transfected using LipofectamineTM

2000 (Invitrogen).
Before stimulation, cells were serum starved in DMEM con-

taining L-glutamine, penicillin and streptomycin for 16 h (HEK-
293 cells), 24 h (PC12 cells) or 4 h (ES cells). Where indicated,
cells were then incubated for an additional hour in the presence
of cell-permeable kinase inhibitors, except for wortmannin
when a 10 min incubation was used, before stimulations were
started. Cells were then stimulated with PMA (400 ng/ml), EGF
(100 ng/ml), anisomycin (10 µg/ml), IGF-1 (insulin-like growth
factor 1; 100 ng/ml) or NGF (50 ng/ml) for the times indicated.
Cells were then lysed in 50 mM Tris/HCl (pH 7.5), 1 mM EGTA,
1 mM EDTA, 1 mM sodium orthovanadate, 50 mM sodium
fluoride, 1 mM sodium pyrophosphate, 0.27 M sucrose, 1% (v/v)
Triton X-100, 0.1% 2-mercaptoethanol and complete proteinase
inhibitor cocktail (Roche, East Sussex, U.K.). The lysates were
centrifuged at 18000 g for 5 min at 4 ◦C and the supernatants
were removed, quick frozen in liquid nitrogen and stored at
−80 ◦C until use.

Nur77 antibodies

Antibodies were raised in sheep against phospho-Ser354 Nur77
using the peptide CGRLP(phospho-S)KPKQP (corresponding to
the phosphorylated Ser354 site of mouse Nur77), total Nur77
using the peptide RDHLTGDPLALEFGK (residues 18–32 of
mouse Nur77), total Nurr1 using the peptide SGEYSSDFLT-
PEFVK (27–41 of mouse Nurr1) and total Nor1 using the peptide
CPRPLIKMEEGREHG (84–97 of mouse Nor1). Antibodies
were purified on columns corresponding to the immunogenizing
peptide. These antibodies were used at final concentrations of
1 µg/ml for immunoblotting. The phospho-Ser354 antibody was
preincubated in the presence of 10 µg/ml of the dephospho-
peptide in 5% milk TBS-T [Tris buffered saline +0.1 % (v/v)
Tween] for 30 min before use.

Immunoprecipitation of Nur77

Nur77 was immunoprecipitated from the indicated amount of cell
lysate using either 5 µg of an antibody raised against Nur77 or
1 µg of an antibody against the FLAG tag coupled with Protein
G–Sepharose for 2 h at 4 ◦C. Immunoprecipitates were pelleted

by centrifugation for 1 min at 13000 g and washed twice in
50 mm Tris/HCl (pH 7.5), 500 mM NaCl, 0.1 mM EGTA and
0.1% 2-mercaptoethanol and once in 50 mm Tris/HCl (pH 7.5),
0.1 mM EGTA and 0.1% 2-mercaptoethanol. Protein was eluted
in 1 × SDS sample buffer (Invitrogen).

Immunoblotting

Samples were run on 4–12% polyacrylamide gels (Novex, In-
vitrogen) and transferred on to nitrocellulose membranes. Anti-
bodies that recognize ERK (extracellular-signal-regulated ki-
nase), phospho-ERK, phospho-Thr308 PKB, phospho-GSK3
(glycogen synthase kinase-3), phospho-Thr359 RSK, SAPK2, and
phospho-SAPK2/p38 were from New England Biolabs (Hitchin,
U.K.). HRP (horseradish peroxidase)-conjugated secondary anti-
bodies were from Pierce (Cheshire, U.K.), and detection was
performed using the enhanced chemiluminescence reagent from
Amersham Biosciences (Little Chalfont, Bucks., U.K.).

14-3-3 overlay

Proteins were separated on 4–12 % polyacrylamide gels (Novex,
Invitrogen) and transferred on to nitrocellulose membranes.
Membranes were then treated as for immunoblots; however,
DIG (digoxigenin)-labelled 14-3-3 proteins were used in place
of primary antibody, followed by a secondary anti-DIG–HRP
antibody.

Luciferase assays

Cells were transfected with the appropriate NurRE or NBRE
promoter vectors [10] and NR4A expression vector along with
a Renilla luciferase vector as a transfection control. Cells were
serum starved for 16 h, 24 h after transfection. Cells were then
left untreated or stimulated with 400 ng/ml PMA for the times
indicated. Cells were then lysed and the activities of firefly and
Renilla luciferase were measured using the Dual-Glo system
(Promega). Luciferase activities were then normalized to the
appropriate Renilla control.

RESULTS

Nur77 is phosphorylated on Ser354 by RSK and MSK1 in vitro

The ability of PKB, PKA, RSK1, RSK2 and MSK1 to phos-
phorylate Nur77 in vitro was examined using GST-tagged full-
length Nur77 expressed in E. coli (Figure 1). PKB and PKA
failed to phosphorylate Nur77 in vitro, although they were able to
efficiently phosphorylate other known substrates [GSK3 or CREB
(cyclic AMP response element binding protein) respectively].
MSK1 was able to weakly phosphorylate Nur77; however, the rate
of phosphorylation of Nur77 by MSK1 was much less than the
rate for the phosphorylation of CREB, a known substrate of
MSK1. Both RSK1 and RSK2 were able to efficiently phosphory-
late Nur77 in vitro (Figure 1). To map the phosphorylation site in
Nur77, GST-tagged Nur77 was phosphorylated with 32P-labelled
ATP by RSK1, RSK2 or MSK1. The GST–Nur77 was then
digested with trypsin and the peptides were then run on reverse
phase HPLC. The phospho-peptide HPLC traces for Nur77
phosphorylated by RSK, RSK2 or MSK were identical, all
showing two peaks of radioactivity, consistent with all three
kinases phosphorylating the same sites (Figure 2A). Analysis
of these peptides by MS showed that they corresponded to the
peptides LPSKPK and GRLPSKPK, residues 352–358 and 351–
358 of murine Nur77 respectively. The second peptide was the
result of trypsin failing to cleave at Arg351. Solid phase sequencing
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Figure 1 In vitro phosphorylation of Nur77

Recombinant GST–Nur77 (2 µg) was phosphorylated using 20 m-units of PKA, MSK1, PKB, RSK1 or RSK2 for 40 min. In parallel experiments, to confirm the activity of the kinase, 2 µg of CREB
was phosphorylated by PKA or MSK1, 2 µg of LKB1 was phosphorylated by RSK1 or RSK2 and 2 µg of GSK3 was phosphorylated by PKB. Reactions were then run on SDS/polyacrylamide gels,
and bands corresponding to Nur77, CREB, LKB1 and GSK3 were excised and the incorporation of 32P was measured by Cerenkov counting and expressed as mol of 32P incorporated per mol of
protein. Error bars represent the S.D. for three points.

of the peptides phosphorylated by RSK1 and RSK2 confirmed the
phosphorylated residue as Ser354 of mouse Nur77 (Figure 2B).

To allow analysis of the phosphorylation state of this residue
in vivo, a phospho-specific antibody was raised against the peptide
CGRLP(phospho-S)KPKQP. The antibody was found to be spe-
cific for the phosphorylated form of this peptide (Supplementary
Figure 1 at http://www.BiochemJ.org/bj/393/bj3930715add.htm).

NR4A proteins are phosphorylated by RSK but not MSK1 or
PKB in vivo

To analyse the phosphorylation of Nur77 in cells, FLAG-tagged
full-length Nur77 was expressed in HEK-293 cells by transient
transfection. Various stimuli were then used to examine the role of
RSK (which is activated in vivo via the ERK1/2 pathway), MSK
(which is activated in vivo by ERK1/2 and/or p38α), PKA and
PKB in the phosphorylation of Nur77 in vivo. Stimulation of cells
with IGF-1 was found to strongly activate PKB; however, it did
not stimulate phosphorylation of Nur77 on Ser354 (Supplementary
Figure 2 at http://www.BiochemJ.org/bj/393/bj3930715add.htm).
Anisomycin is a strong activator of the p38 MAPK (mitogen-
activated protein kinase) cascade that results in the activation
of MSK1; however, anisomycin does not activate the ERK1/2
cascade and is therefore unable to activate RSK [29]. Anisomycin
was however unable to stimulate Nur77 Ser354 phosphorylation
(Supplementary Figure 2). PMA strongly activates the ERK1/2
cascade, and is known to activate both MSK and RSK downstream
of ERK1/2 in HEK-293 cells [29]. PMA treatment did result in
a weak activation of the p38 cascade, but did not significantly
activate PKB (Figure 3A). PMA was found to stimulate phos-
phorylation of Nur77 on Ser354 as judged by blotting with a Ser354

phospho-specific antibody. The kinetics of phosphorylation of

Nur77 Ser354 did not exactly mirror ERK1/2 activation, as al-
though ERK1/2 was activated quickly after PMA stimulation and
then remained high, Nur77 phosphorylation was found to accumu-
late over the time course of the stimulation. EGF also activates
ERK1/2 in HEK-293 cells, although the stimulation was faster
but more transient than with PMA. EGF was also seen to weakly
activate PKB but did not significantly activate p38 in these cells.
EGF was found to stimulate phosphorylation of Nur77 on Ser354

with similar kinetics to that of ERK1/2 activation (Figure 3A).
The sequence around Ser354 in Nur77 is highly conserved in the
related nuclear orphan receptors, Nurr1 (Ser347) and Nor1 (Ser377;
Figure 3B). We therefore tested these proteins to see if they were
phosphorylated on the equivalent site in cells. Similar to Nur77,
when FLAG–Nor1 was expressed in HEK-293 cells, its phos-
phorylation on Ser377 was stimulated by both PMA and EGF (Fig-
ure 3C). FLAG–Nurr1 was phosphorylated on Ser347 after PMA
or EGF stimulation as judged by immunoblotting, although the
level of phosphorylation appeared to be lower than for Nur77 or
Nor1 (Figure 3D). To test this, samples from PMA-stimulated
HEK-293 cells transfected with FLAG–Nur77, FLAG–Nor1 or
FLAG–Nurr1 were run on the same gels and blotted with either the
phospho-specific antibody or an antibody against the FLAG pep-
tide. The blots were analysed on a Licor Odyssey system and the
phospho signal was quantified relative to the signal for the FLAG
tag. This suggested that Nur77 and Nor1 were phosphorylated to
similar levels, but that Nurr1 was phosphorylated at approx. 4-fold
lower levels (Figure 3E). As the phospho-peptide antibody was
raised against the sequence CGRLP(phospho-S)KPKQP, which is
highly conserved in Nur77, Nurr1 and Nor1, it would be expected
to recognize all three isoforms with a similar affinity. However,
the possibility that Nurr1 may be recognized with a lower affinity
by the antibody than the other isoforms cannot be excluded.

c© 2006 Biochemical Society



Phosphorylation of NR4A proteins 719

Figure 2 Mapping of RSK and MSK1 phosphorylation sites on Nur77

Purified E. coli-expressed GST–Nur77 was phosphorylated by MSK1, RSK1 or RSK2 as in Figure 1. Samples were run on a 4–12 % polyacrylamide gel, and the band corresponding to Nur77 was
excised and the protein was reduced with dithiothreitol, alkylated with 4-vinylpyridine and digested with trypsin. The resulting peptides were applied to a Vydac 218TP5215 C18 column equilibrated
in 0.1 % trifluoroacetic acid and the column was developed with a linear gradient (A, broken line) of acetonitrile/0.1 % trifluoroacetic acid at a flow rate of 0.2 ml/min while collecting 0.1 ml fractions.
32P radioactivity (A, continuous line) was recorded with an on-line monitor. Solid phase sequencing data from the phosphorylation of Nur77 by RSK2 are shown in (B); identical results were obtained
for the phosphorylation of Nur77 by RSK1.

To confirm which pathway was required for Nur77 Ser354

phosphorylation, various inhibitors were tested for their ability
to block Nur77 Ser354 phosphorylation in response to either PMA
and EGF (Figure 4A). PD 184352 and U0126 are inhibitors that
block activation of the ERK1/2 cascade and therefore prevent
the activation of both RSK and MSK1 induced by PMA or EGF
[39]. Both these inhibitors were able to block phosphorylation
of Nur77 on Ser354, suggesting that either RSK or MSK1 was
responsible for these phosphorylations. Consistent with this, Ro
318220, a compound originally developed as a PKC inhibitor
but which has also been shown to be a potent inhibitor of
both RSK and MSK1 [39], was also able to block Nur77 Ser354

phosphorylation in response to EGF. Ro 318220 also inhibited this

phosphorylation in response to PMA; however, in this case, Ro
318220 also blocked the activation of ERK1/2, presumably due
to the requirement for PKC to mediate PMA-induced activation
of the classical MAPK cascade. H89 (an inhibitor of PKA which
can also inhibit both MSK1 and RSK at the concentrations used)
at 25 mM, and to a lesser extent at 10 mM, was also able to
inhibit the phosphorylation of Nur77 on Ser354 in response to EGF.
These concentrations of H89 were also able to inhibit the RSK-
dependent phosphorylation of GSK3 in response to PMA and
EGF, confirming that RSK was inhibited under these conditions.
H89 also inhibited PMA-induced Nur77 phosphorylation, but in
this case activation of ERK1/2 was also inhibited. SB203580,
an inhibitor of p38α/β, did not block the phosphorylation of
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Figure 3 Nur77 Ser354 phosphorylation is stimulated in vivo by PMA and
EGF

(A) HEK-293 cells were transfected with an expression plasmid for FLAG–Nur77. Cells were
then starved for 16 h and stimulated with either 400 ng/ml PMA or 100 ng/ml EGF for the times
indicated. Cells were then lysed and 30 µg of soluble protein lysate was run on 4–12 % gradient
polyacrylamide gels. The levels of phospho-Ser354 Nur77, total Nur77, phospho-ERK1/2, total
ERK1/2, phospho-Thr308 PKB, total PKB, phospho p38 and total p38 were then examined by
immunoblotting. (B) Sequence alignment of murine Nur77 (GenBank® accession no. P12813),
Nurr1 (GenBank® accession no. A46225) and Nor1 (Genbank® accession no. Q9QZB6) around
the RSK phosphorylation site. (C) HEK-293 cells were transfected with an expression plasmid
for FLAG–Nor1. Cells were then starved for 16 h and stimulated with either 400 ng/ml PMA or
100 ng/ml EGF for the times indicated. Cells were then lysed and 30 µg of soluble protein lysate
was run on 4–12 % gradient polyacrylamide gels. The levels of phospho-Ser377 Nor1 and total
Nor1 were determined by immunoblotting. (D) HEK-293 cells were transfected with an expression
plasmid for FLAG–Nurr1. Cells were then starved for 16 h and stimulated with either 400 ng/ml
PMA or 100 ng/ml EGF for the times indicated. Cells were then lysed and 30 µg of soluble
protein lysate was run on 4–12 % gradient polyacrylamide gels. The levels of phospho-Ser347

Nurr1 and total Nurr1 were determined by immunoblotting. (E) Samples from unstimulated or
PMA-stimulated cells transfected with FLAG–Nur77, FLAG–Nor1 or FLAG–Nurr1 were run on
4–12 % gradient polyacrylamide gels and immunoblotted using either an anti-FLAG antibody
or the anti phospho-Ser354 Nur77 antibody. Blots were visualized using fluorescent labelled
secondary antibodies and the signal was quantified using a Licor Odyssey scanner. The level of
the phospho signal was then calculated relative to the signal for FLAG.

Figure 4 Inhibition of Nur77 Ser354 phosphorylation

(A) HEK-293 cells were transfected with an expression plasmid for FLAG–Nur77. Cells were
then starved for 16 h and incubated with H89, Ro 318220, wortmannin, SB 203580, U0126 or PD
184352 at the concentrations indicated. Cells were then stimulated with either 400 ng/ml PMA
for 60 min or 100 ng/ml EGF for 10 min. Cells were then lysed and 30 µg of soluble protein
lysate was run on 4–12 % gradient polyacrylamide gels. The levels of phospho-Ser354 Nur77,
total Nur77, phospho-ERK1/2, total ERK1/2, phospho-Thr308 PKB, total PKB, phospho-p38
and total p38 were then examined by immunoblotting. (B) Experiments were performed as
described in (A) except that FLAG–Nor1 was transfected instead of Nur77 and levels of
phosphorylated and total Nor1 were measured by immunoblotting. (C) Experiments were
performed as described in (A) except that FLAG–Nurr1 was transfected instead of Nur77
and levels of phosphorylated and total Nurr1 were measured by immunoblotting.

Nur77 on Ser354 in response to PMA or EGF. Wortmannin, an
inhibitor of PI3K that blocks the activation of PKB, did not
affect the phosphorylation of Nur77 on Ser354 in response to
PMA, although it did slightly inhibit Nur77 phosphorylation in
response to EGF (Figure 4A). This may be because wortmannin
also slightly reduced the activation of the ERK1/2 cascade in
response to EGF. Similar results were also obtained for Nor1
(Figure 4B) and Nurr1 (Figure 4C).

To distinguish between MSK and RSK activity, mouse ES
cells that expressed a mutated form of PDK1 (phosphoinositide-
dependent kinase 1) were used [40]. PDK1 knockout ES cells have
previously been shown to be unable to activate RSK or PKB. In
contrast, activation of MSK1 is unaffected by the knockout of
PDK1. A targeted mutation of the PDK1 gene, L155E, has been
shown to interfere with the binding of PDK1 to RSK. In ES
cells homozygous for this mutation, it has been shown that RSK
is inactive but that the activation of PKB is normal [41]. Wild-
type ES cells were able to phosphorylate expressed Nur77 on
Ser354 in response to PMA. In contrast, PDK1 knockout or L155E
PDK1 mutant cells were unable to phosphorylate Ser354 of Nur77
(Figure 5A), confirming a role for RSK in this phosphorylation.
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Figure 5 Phosphorylation of Nur77 in ES and PC12 cells

(A) Wild-type, PDK1 knockout and PDK1 L155E knockin ES cells were transfected with
FLAG–Nur77. Cell were starved for 4 h and then stimulated with 400 ng/ml PMA for 0 or
40 min. Cells were then lysed and Nur77 was immunoprecipitated from 2 mg of cell lysate
using an antibody against the FLAG tag. Immunoprecipitates were then run on 4–12 % gradient
polyacrylamide gels, and the levels of phospho-Ser354 Nur77 and total Nur77 were determined
by immunoblotting. (B) PC12 cells were serum starved for 24 h and then either left unstimulated
or stimulated with 50 ng/ml NGF for the times indicated; cells were then lysed and the levels
of phospho- and total ERK1/2, phospho-p38, phospho-RSK, and phospho- and total PKB were
determined by immunoblotting. Endogenous Nur77 was immunoprecipitated from 3 mg of lysate
and immunoblotted for total and phospho-Ser354 Nur77.

To determine if endogenous Nur77 was phosphorylated on
Ser354, PC12 cells were treated with NGF to induce production
of Nur77 protein. After 1 h of NGF stimulation, endogenous
Nur77 protein had been induced, and this endogenous protein was
phosphorylated as judged by immunoblotting with the phospho-
specific Nur77 antibody. PMA and NGF were also able to
activate ERK1/2 and RSK, phosphorylation of Nur77 at Ser354,
consistent with phosphorylation of this site by RSK (Figure 5B).
As inhibitors such as PD 184352, which block the activation of
RSK, also block the production of endogenous Nur77 protein by
these stimuli, they could not be used to examine the role of RSK
in endogenous Nur77 phosphorylation.

RSK promotes the association of Nur77 with 14-3-3 proteins in vitro

Ser354 in Nur77 lies within a potential binding site for 14-3-3
proteins, so the ability of RSK to promote the interaction of Nur77
with 14-3-3 proteins was tested. FLAG–Nur77 expressed in HEK-
293 cells was immunoprecipitated and used in a 14-3-3 overlay
experiment. FLAG–Nur77 from unstimulated cells, which was
not phosphorylated on Ser354 as judged by immunoblotting with
the phospho-Ser354-specific antibody, did not interact with 14-3-

3 proteins in the overlay experiment. In contrast, FLAG–Nur77
from PMA-stimulated cells was phosphorylated on Ser354, and was
able to bind 14-3-3 protein in the overlay experiment (Figure 6A).
Despite this, we were unable to detect an association of Nur77
and 14-3-3 proteins in cells. FLAG–Nur77 was co-transfected
into HEK-293 cells with GST–14-3-3ζ . After stimulation and
lysis, FLAG–Nur77 was immunoprecipitated with an anti-FLAG
antibody, or the GST–14-3-3 was pulled down with glutathione–
Sepharose from the cell lysates. No co-precipitation of Nur77
and 14-3-3 was observed before or after stimulation with PMA
(Figure 6B). We could also not detect any co-immunoprecipitation
of FLAG–Nur77 with endogenous 14-3-3 proteins in either
unstimulated or PMA- or EGF-stimulated cells, even though both
these stimuli clearly induced Nur77 phosphorylation (Figure 6C).
Parallel experiments co-transfecting PFK2 (a known 14-3-3-
binding protein [42]) showed that this protein immunoprecipitated
with endogenous 14-3-3 proteins after IGF treatment (Figure 6D).

Ser354 modification does not affect protein stability or
transcriptional activity

To further examine a role for Ser354 phosphorylation, this residue
was mutated either to alanine (to block phosphorylation) or aspar-
tic acid (to mimic phosphorylation). As Nur77 is a short-lived
protein in cells, the possibility that modification of Ser354 may
stabilize the Nur77 protein was investigated. Ser354 was mutated
to either an alanine or aspartic acid, and the mutated proteins
were expressed in HEK-293 cells. Cells were then treated with
cyclohexamide to block protein synthesis, and the levels of Nur77
were monitored over time. Wild-type mutated Nur77 was found to
have a half-life of 2 h after cyclohexamide addition and this was
not significantly changed by mutation of Ser354 (Supplementary
Figure 3 at http://www.BiochemJ.org/bj/393/bj3930715add.htm).

To determine the role of Ser354 in controlling the transcriptional
activity of nut77, the proteins were co-transfected into HEK-293
cells with luciferase reporter vectors whose promoters contained
either NBREs or NurREs. The basal activity of both these vectors
in the absence of co-transfected Nur77 was low (Figure 7A). The
basal activity of the NBRE reporter was slightly stimulated by
PMA or EGF (∼2-fold); however, the basal activity of the NurRE
was unaffected (results not shown). Co-transfection of a wild-
type Nur77 expression vector was able to significantly promote
transcription from both these reporter vectors compared with
co-transfection of an empty vector (Figure 7A). Mutation of Ser354

to alanine slightly increased the transcriptional activity of Nur77,
while mutation of Ser354 to aspartic acid resulted in a slightly lower
transcriptional activity than the S354A mutant Nur77 (Figure 7A).
Analysis of the expression levels of the different Nur77 mutants
showed that they had similar expression levels, although the
wild-type Nur77 was expressed at slightly higher levels. PMA
stimulation of cells co-transfected with the NurRE luciferase
reporter with either wild-type Nur77 or S354A Nur77 did not
affect the activity of the reporter vectors (Figure 7B). For the
NBRE reporter co-transfected with Nur77, PMA stimulation did,
however, result in a slight increase in activity at later time points.
This effect was still, however, seen with the S354A mutant Nur77,
and is therefore unlikely to reflect a role for phosphorylation of
this site.

DISCUSSION

Several previous studies have shown that Nur77 can be phos-
phorylated on multiple sites and that one of these sites is
Ser354. Several kinases have been suggested as potential Nur77
kinases; however, the physiological kinase responsible for this
phosphorylation has yet to be clearly established. In the present
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Figure 6 Phosphorylation of Nur77 promotes 14-3-3 binding

(A) FLAG–Nur77 was transfected into HEK-293 cells, which were then serum starved for 16 h. The cells were then left unstimulated or stimulated with 400 ng/ml PMA for 60 min. FLAG–Nur77 was
immunoprecipitated from 0.5 mg of lysate and immunoprecipitates were blotted for total and phospho-Ser354 Nur77. 14-3-3 overlays were performed as described in the Materials and methods
section. (B) HEK-293 cells were transfected with FLAG–Nur77 and/or GST–14-3-3 as indicated. After transfection, cells were serum starved for 16 h and either treated with 400 ng/ml PMA for
40 min or left unstimulated. Cells were lysed and Nur77 immunoprecipitated using anti-FLAG antibodies or 14-3-3 pulled down using glutathione–Sepharose as indicated, and precipitates were
immunoblotted for Nur77 or GST. Total cell lysates was immunoblotted for phospho-Ser354 Nur77. (C) FLAG–Nur77 was transfected into HEK-293 cells, which were then serum starved for 16 h.
The cells were then left unstimulated or stimulated with 400 ng/ml PMA for 60 min. FLAG–Nur77 was immunoprecipitated from 0.5 mg of lysate and immunoprecipitates were blotted for either total
Nur77 or 14-3-3 (using a pan 14-3-3). Cell lysates were also blotted for phospho-Ser354 Nur77 and total 14-3-3. (D) HA–PFK was transfected into HEK-293 cells, which were then starved for 16 h
and then stimulated with IGF (10 ng/ml) for 15 min. HA–PFK2 was immunoprecipitated using an HA antibody and the immunoprecipitates were blotted using a pan 14-3-3 or HA antibody. Cell
lysates were also blotted for phospho-PKB and total 14-3-3.

study, we show that two kinases, RSK and MSK1, can phos-
phorylate Nur77 in vitro. Mapping of the phosphorylation sites
in Nur77 showed that RSK phosphorylated Nur77 at Ser354 and
did not cause significant phosphorylation of any other site. In
contrast with previous reports [2,26,33], we were unable to show
phosphorylation of Nur77 by PKA or PKB, although both these
kinases efficiently phosphorylated known substrates, CREB or
GSK3 respectively, in parallel assays. One explanation for this
may be that both previous studies used only the DNA-binding
domain of Nur77 as an in vitro substrate, and did not report the
degree of phosphorylation. In the present study, we used the full-
length Nur77 protein and 32P labelling to allow us to determine
the extent of Nur77 phosphorylation.

We also examined how Nur77 phosphorylation could occur
in vivo. Consistent with our in vitro findings, IGF1 (Supplement-
ary Figure 2) and forskolin (results not shown), strong activating
stimuli for PKB and PKA respectively, were unable to stimulate
phosphorylation of Nur77 in vivo. Anisomycin, which activates
MSK1 via the p38 MAPK cascade, was also unable to stimu-
late Nur77 phosphorylation, arguing against MSK1 being a
physiological Nur77 kinase. PMA and EGF were able to stimulate
Nur77 Ser354 phosphorylation, and this could be blocked by
inhibitors of the ERK1/2 cascade. Using a combination of in-
hibitors, and ES cell lines that activate PKB and MSK but not
RSK, we were able to show that RSK is the kinase responsible
for the phosphorylation of Nur77 on Ser354 (Figures 4 and 5).

Previous studies on the DNA binding domain have shown
that phosphorylation of Ser354 inhibits DNA binding in vitro
[43], possibly due to the introduction of a negative charge

which would be close to the DNA backbone in a Nur77/DNA
complex. Surprisingly however, phosphorylation of Ser354, or its
mutation to an acidic residue, did not greatly affect the ability of
Nur77 to drive transcription from NurRE- or NBRE-dependent
reporter vectors. The reason for this is not clear; however,
it could be that even weak or more transient DNA binding
by Nur77 is sufficient to drive expression from these vectors
when Nur77 is overexpressed and that the overexpression system
is not sensitive enough to detect these changes. It is also possible
that phosphorylation of Nur77 by RSK could affect other aspects
of Nur77 function which would not necessarily show an effect on
transcription of a synthetic reporter. Phosphorylation of Nur77
on Ser354 creates a consensus 14-3-3-binding site, and this is
able to bind 14-3-3 in vitro. We were unable to co-immuno-
precipitate phospho Nur77 and 14-3-3 from lysates, suggesting
that these proteins may not interact in cells. The interaction of
14-3-3 proteins with their targets can, however, be weak and, as
a result, hard to detect by co-immunoprecipitation. As a result,
the possibility that RSK may promote the interaction of Nur77
and 14-3-3 proteins in cells cannot be completely excluded.
Phosphorylation of Nur77 on Ser354 may also affect the ability
of Nur77 to interact with other proteins. For instance, Nur77 has
been reported to interact with other transcription factors including
NF-κB (nuclear factor κB) and glucocorticoid receptors, and in
both cases Nur77 is proposed to repress the activity of these
transcription factors [44,45]. Nur77 has also been shown to
interact with RXR (retinoid X receptor) nuclear receptors;
however, in this case, the interaction with RXR appears to cause
the cytoplasmic translocation of Nur77 and promote apoptosis
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Figure 7 Activation of NBRE and NurRE reporter plasmids

(A) HEK-293 cells were transfected with a Renilla luciferase (to control for transfection efficiency)
and NBRE or NurRE luciferase reporters along with either empty vector or expression vectors
for wild-type (WT), S354A or S354D or an empty vector (EV) as indicated. Cells were lysed and
luciferase activity was measured and normalized for the Renilla control. Error bars represent the
S.E.M. for 16 (NBRE) or 20 (NurRE) replicates. (B) Experiments were performed as described
in (A) except that cells were serum starved for 16 h and then stimulated with PMA (400 ng/ml)
for 0–8 h as indicated. Black bars represent wild-type Nur77 and white bars represent S354A
Nur77. Error bars represent the S.E.M. for 16 (NBRE) or 20 (NurRE) replicates. (C) Anti-FLAG
immunoblot showing the relative expression levels of the Nur77 wild-type and Ser354 mutant
constructs in HEK-293 cells.

[46,47]. Another possibility is that in addition to phosphorylation
of Nur77, the binding of RSK to Nur77 may be able to allo-
sterically activate Nur77. A similar mechanism has been sug-
gested for the oestrogen receptor. Binding of RSK to the hor-
mone-binding domain of the oestrogen receptor has been shown
to activate the oestrogen receptor independently of its phosphoryl-
ation by RSK, although in this case phosphorylation was found
to enhance this effect [48].

The NR4A genes are all immediate early genes that can be
induced by MAPK signalling, and can be phosphorylated by the
ERK1/2-activated kinase p90RSK in cells. For phosphorylation
of endogenous Nur77, Nor1 or Nurr1, it is possible that prolonged
activation of ERK is required, in order for RSK still to be active
by the time NR4A proteins are translated. A similar situation has
been described for another RSK substrate, c-fos. Like the NR4A
genes, c-fos is a MAPK-controlled immediate early gene and it has
been found that transient activation of ERK is sufficient to induce
c-Fos protein, but prolonged ERK1/2 activation is required for
its phosphorylation by p90Rsk [49]. This has been proposed as
a possible explanation for why transient or prolonged ERK1/2
activation can have different cellular outcomes. In the case of
c-Fos, phosphorylation stabilizes the protein; however, the
function of NR4A phosphorylation is still unclear.
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