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In the past few years, many nuclear receptor coactivators have been identified and shown to be an integral
part of receptor action. The most frequently studied of these coactivators are members of the steroid receptor
coactivator (SRC) family, SRC-1, TIF2/GRIP1/SRC-2, and pCIP/ACTR/AIB-1/RAC-3/TRAM-1/SRC-3. In this
report, we describe the biochemical purification of SRC-1 and SRC-3 protein complexes and the subsequent
identification of their associated proteins by mass spectrometry. Surprisingly, we found association of SRC-3,
but not SRC-1, with the I�B kinase (IKK). IKK is known to be responsible for the degradation of I�B and the
subsequent activation of NF-�B. Since NF-�B plays a key role in host immunity and inflammatory responses,
we therefore investigated the significance of the SRC-3–IKK complex. We demonstrated that SRC-3 was able
to enhance NF-�B-mediated gene expression in concert with IKK. In addition, we showed that SRC-3 was
phosphorylated by the IKK complex in vitro. Furthermore, elevated SRC-3 phosphorylation in vivo and
translocation of SRC-3 from cytoplasm to nucleus in response to tumor necrosis factor alpha occurred in cells,
suggesting control of subcellular localization of SRC-3 by phosphorylation. Finally, the hypothesis that SRC-3
is involved in NF-�B-mediated gene expression is further supported by the reduced expression of interferon
regulatory factor 1, a well-known NF-�B target gene, in the spleens of SRC-3 null mutant mice. Taken together,
our results not only reveal the IKK-mediated phosphorylation of SRC-3 to be a regulated event that plays an
important role but also substantiate the role of SRC-3 in multiple signaling pathways.

The nuclear receptor (NR) superfamily is a large class of
ligand-dependent transcription factors that play pivotal roles in
a wide spectrum of biological processes such as development,
reproduction, and homeostasis (32, 51). In the past few years,
many nuclear receptor coactivators have been identified, in-
cluding the steroid receptor coactivator (SRC) family. Mem-
bers of the SRC family, which include SRC-1, SRC-2/GRIP1/
TIF2, and SRC-3/ACTR/AIB-1/pCIP/RAC3/TRAM-1, inter-
act with nuclear receptors and enhance their transactivation in
a ligand-dependent manner (3, 11, 21, 25, 27, 29, 38, 49, 50,
52). Two members of the SRC family, SRC-1 and SRC-3, are
also known to contain histone acetyltransferase activity (11,
47), and all three members contain an intrinsic transcriptional
activation function when tethered to the GAL4 DNA-binding
domain (29, 37, 52). Additionally, it has recently been reported
that SRC-1 and SRC-3 are phosphoproteins (18, 45) and that
the activity of SRC-3 is attenuated by acetylation (12). How-
ever, it is unclear how these posttranslational modifications
might be regulated and what their actual roles are.

Nuclear factor �B (NF-�B) is a family of signal-inducible
transcription factors whose members, including p50, p52, p65
(RelA), c-Rel, and RelB, play an essential role in the regula-
tion of genes involved in inflammatory responses and cell sur-
vival (4, 5, 39). All NF-�B family members share a region
known as the Rel homology domain that is responsible for
DNA binding, nuclear translocation, and dimerization. In most

cells, NF-�B exists in an inactive state in which it is sequestered
in the cytoplasm by binding to an inhibitory protein, I�B. In
response to many activating signals such as tumor necrosis
factor alpha (TNF-�) and interleukin-1, I�B is phosphorylated
by a multisubunit I�B kinase (IKK) complex and marked for
rapid degradation by the 26S proteasome (1, 6, 13, 14, 16).
Degradation of I�B results in the release of NF-�B. Once
released from the inhibitory I�B complex, NF-�B translocates
to the nucleus, where it activates expression of target genes.
Although NF-�B activation requires multiple steps, I�B phos-
phorylation by IKK is the primary regulatory step of this pro-
cess. Since NF-�B is the key activator of genes involved in the
host immune and inflammatory responses, IKK has been sug-
gested to be the master regulator of host defense system be-
cause of its ability to regulate NF-�B activity (24, 57).

Given the critical roles of NR and NF-�B in gene regulation,
it is interesting that cross talk between these two pathways
through sharing of some common coactivator proteins has
been reported (46). More specifically, it was shown that SRC-1,
SRC-3, and CBP can each interact with NF-�B and enhance its
transcriptional activity (20, 23, 35, 40, 46, 55, 63). These results
suggest that the functions of these coactivators are not limited
to NRs but are involved in diverse biological processes.

Herein we describe the purification of the native complexes
of two SRC family members, SRC-1 and SRC-3, and the sub-
sequent identification of their associated proteins. We found
that IKK was associated exclusively with SRC-3 and not SRC-1
complexes. As a result, we found that SRC-3 is able to greatly
enhance NF-�B-mediated gene expression in concert with
IKK. In addition, we demonstrated the in vitro phosphoryla-
tion of SRC-3 by the two catalytic subunits of the IKK com-
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plex, IKK� and IKK�. Additionally, elevated phosphoryla-
tion and increased nuclear translocation of SRC-3 were also
detected in vivo in response to treatment with TNF-�, a well-
known activator of IKK activity. Finally, we showed an in-
creased expression of proinflammatory caspases (10) in SRC-
3-overexpressing cells and a reduced expression level of
interferon regulatory factor 1 (IRF-1) in the spleens of SRC-3
null mice, supporting the hypothesis of a physiological role of
SRC-3 in immune response and a functional association of
SRC-3 with the NF-�B pathway. Taken together, our results
suggest that phosphorylation of SRC-3 by IKK might modulate
SRC-3 activity and that SRC-3 plays an important role in
diverse signaling pathways.

MATERIALS AND METHODS

Cell line and nuclear extract preparation. For transfection, HeLa cells were
routinely maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 5% fetal bovine serum (FBS) and grown at 37°C in the presence of
5% CO2. For crude nuclear extract preparation, a large quantity (40 liters) of
spinner HeLa S3 cells was purchased from the National Culture Center (Min-
neapolis, Minn.). Fractionation of HeLa cells grown in DMEM supplemented
with 0.5% FBS was performed with NE-PER reagents (Pierce). Nuclear extract
was prepared essentially as described previously (17).

LNCaP cells (obtained from the American Type Culture Collection) were
grown in RPMI 1640 supplemented with 10% FBS and 1% penicillin and strep-
tomycin. The regulator and target gene expression vectors were constructed by
using a two-vector inducible transcription system as described previously (7).
Briefly, the regulator, which consists of a GAL4 DNA binding domain, a pro-
gesterone receptor ligand binding domain with a 19-amino-acid deletion at the C
terminal, and a p65 activation domain, was under the control of the cytomega-
lovirus promoter. The target gene expression vector (SRC-3) was under the
control of the upstream activator sequence (UAS). LNCaP cells were transfected
by using the expression vectors with lipofectamine (Gibco BRL and Life Tech-
nologies). Following transfection, cells were grown in medium containing G418
(400 mg/ml) and hygromycin B (200 mg/ml) to select for stable clones that
expressed SRC-3 only in the presence of RU486 (mifepristone).

Purification of recombinant proteins and generation of antiserum. The mal-
tose-binding protein fusion proteins used for antibody production were ex-
pressed in bacteria and purified according to the manufacturer’s instructions
(New England Biolabs). All rabbit polyclonal antibodies were generated at the
Josman Laboratory by immunizing the rabbits with the corresponding purified
maltose-binding protein fusion proteins as antigens. The regions used to raise
antibodies contained amino acids 1067 to 1441 and 582 to 842 for SRC-1 and
SRC-3, respectively. The antibodies were purified over affinity columns with the
corresponding recombinant protein as antigen.

Gel filtration, ion-exchange chromatography, and antibody affinity purifica-
tion. Gel filtration of HeLa nuclear extracts was performed as previously de-
scribed (53). Trichloroacetic acid protein precipitation was performed following
fractionation, and the protein samples were separated by sodium dodecyl sul-
fate–8% polyacrylamide gel electrophoresis (SDS–8% PAGE) and analyzed by
Western blotting with the indicated antibodies. The Q Sepharose (Pharmacia)
fractionation of HeLa nuclear extracts is illustrated in Fig. 1B. All antibody
affinity resins were prepared by the binding and cross-linking of affinity-purified
antibodies to protein A Sepharose beads (Sigma) as described previously (22).
Affinity purification was carried out with the 0.3 M KCl Q Sepharose eluate. The
samples were resolved by SDS–10% PAGE (Novex, San Diego, Calif.). Protein
identification by mass spectrometry (MS) was performed as described previously
(42).

Identification of proteins by MS. Protein sequencing using MS was carried out
as described previously (36). Briefly, the Coomassie blue-stained protein band
was digested in gel with trypsin and the recovered peptides were analyzed by
using an electrospray ion trap mass spectrometer (LCQ Finnigan MAT; Thermo
Finnigan, San Jose, Calif.) coupled on-line with a capillary high performance
liquid chromatography apparatus (Magic 2002; Michrom BioResources, Auburn,
Calif.) to acquire mass spectrometry-mass spectrometry spectra. Data derived
from the mass spectrometry-mass spectrometry spectra were used to search a
complied protein database that was composed of the protein database NR and a
six-reading-frame translated expressed sequence tag database to identify the

protein by using the PROWL program, which is publicly available on the World
Wide Web (http://prowl.rockefeller.edu/).

Transfection and luciferase reporter gene assay. Transfection of HeLa cells
with lipofectamine was carried out according to the manufacturer’s instructions
(Life Technologies). Typically, all the cells were transfected with 1.1 �g of total
plasmid DNA (a combination of 0.1 �g of NF-�B-luciferase and 0.5 �g of
indicated expression vector or empty vector as filler DNA). Five hours after
transfection, transfected cells were washed twice with phosphate-buffered saline
and fresh DMEM was added for further incubation. Where indicated, the trans-
fected cells were treated with recombinant human TNF-� (20 ng/ml; Roche
Molecular Biochemicals) 24 h after transfection for 4 h. Cotransfection of HeLa
cells with 5� UAS TATA luciferase reporter (0.1 �g) along with either GAL4
(0.1 �g) or GAL4-VP16 (0.1 �g) expression plasmid was carried out as described
above. Whole cell lysates were prepared and assayed for luciferase activity as
instructed by the manufacturer, and the activity was normalized against total
protein (Promega, Madison, Wis.).

Translation and interaction in vitro . Cotranslation of SRC-3 and IKK was
performed in the presence of [35S]methionine by using a TNT kit (Promega)
according to the manufacturer’s instructions. In vitro pull-down assays were
carried out by incubating the in vitro translated products with anti-HA antibody
at 4°C for 1 h. After extensive washing, the products were analyzed by SDS–8%
PAGE and the presence of proteins was detected by autoradiography.

Immunoprecipitation and Western blotting analysis. Transfections were car-
ried out essentially as described previously. The transfected cells were lysed in
lysis buffer (20 mM Tris-HCl [pH 8.0], 125 mM NaCl, 0.5% NP-40, 2 mM EDTA,
0.2 mM NaF, 0.2 mM Na3VO4, protease inhibitor cocktail) for 30 min and the
debris was cleared by centrifugation at 13,400 � g for 20 min at 4°C. For
immunoprecipitation experiments, the lysate was incubated with 0.5 �g of anti-
hemagglutinin (anti-HA; Roche Molecular Biochemicals) or anti-Flag (Sigma)
antibody for 2 h on ice. The antibody was allowed to bind to protein A and G
beads for 1 h and then washed extensively with lysis buffer. For Western blot
analysis, the samples were resolved by SDS–8% PAGE and transferred to nitro-
cellulose membranes (Bio-Rad). The indicated antibodies were diluted in TBST
buffer (50 mM Tris-HCl, 150 mM NaCl [pH 7.5], 0.1% Tween 20) and added to
the membranes for 1 h at room temperature (RT) or overnight at 4°C followed
by incubation with the appropriate horseradish peroxidase-conjugated secondary
antibodies for 1 h at RT. All blots were developed with Supersignal substrate
(Pierce) and visualized by chemiluminescence. Subsequent probing with different
antibodies was made possible by stripping the membranes with buffer (62.5 mM
Tris-HCl [pH 6.8], 2% SDS, 100 mM �-mercaptoethanol) at 55°C for 30 min.

In vitro protein kinase assay and in vivo labeling. After extensive washing with
protein lysis buffer, the immunoprecipitates were washed twice with kinase buffer
(10 mM Tris-HCl [pH 7.5], 5 mM MgCl2, 1 mM dithiothreitol) prior to perform-
ing the kinase reaction. Flag-SRC-3 (30) was expressed in Xenopus oocytes by
microinjecting the mRNA encoding Flag-SRC-3. The expressed Flag-SRC-3
protein was purified from the oocytes with anti-Flag (M2) beads according to the
manufacturer’s instructions (Sigma). The in vitro kinase reaction was performed
by using purified Flag-SRC-3 as the substrate. The reaction was carried out in a
final volume of 20 �l in the presence of [�-32P]ATP (3.3 �Ci) at RT for 30 min.
The reaction with [�-32P]ATP was stopped by adding 5� loading buffer, and the
reaction mixture was boiled at 100°C and loaded onto SDS–10% PAGE. The gel
was then dried for autoradiography. For labeling in vivo, HeLa cells were grown
in phosphate-free DMEM supplemented with 5% dialyzed calf serum and met-
abolically labeled with orthophosphate (32Pi) according to established protocols.
Briefly, the cells were labeled with 0.5 mCi of orthophosphate per ml for 6 h and
TNF-� was added for the last hour of labeling. Afterward, the cells were washed
with Tris-buffered saline (25 mM Tris-HCl [pH 7.4], 136.8 mM NaCl, 5 mM KCl,
0.9 mM CaCl2, 0.5 mM MgCl2, 0.7 mM Na2HPO4) and lysed with lysis buffer and
immunoprecipitated with anti-SRC-3 or anti-SRC-1. The immunoprecipitates
were resolved by SDS-PAGE, dried, and exposed to X-ray film.

RNA preparation and RNase protection assay. Total RNA was isolated from
the spleens of 4-week-old littermates or LNCaP cells with TRIzol reagent (Life
Technologies) according to the manufacturer’s instructions. Ten micrograms of
total RNA was used in the RNase protection assay performed using the RNase
protection assay (RPA) kit (Pharmingen). hAPO-1c multiprobe template
(Pharmingen) and riboprobes for IRF-1 and cyclophilin were transcribed in vitro
with T7 RNA polymerase.

RESULTS

Both SRC-1 and SRC-3 exist in protein complexes. In order
to gain more insight into the nature of NR-coactivator com-
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plexes, we used biochemical fractionation to ascertain the ex-
istence of such complexes. For this purpose, HeLa nuclear
extracts were fractionated on a Superose 6 sizing column and
the distribution of SRC-1 and SRC-3 in each fraction was
analyzed by Western blotting. In agreement with previous re-
sults from our laboratory, SRC-1 was eluted in fractions with
estimated sizes of 440 to 700 kDa (Fig. 1A). We found that the
majority of SRC-3 was eluted in fractions overlapping with
SRC-1 (28, 33), but the peak concentrations did not coincide
(fractions 28 and 30). Additionally, a minor pool of SRC-3
existed in fractions with an estimated size of 1.5 MDa (Fig. 1A,
lane 16). Since members of the SRC family of coactivators are

about 160 kDa in size, these results indicate that both SRC-1
and SRC-3 proteins exist in large protein complexes.

We next used a combination of conventional gel filtration
and antibody affinity chromatography to further purify these
SRC-1- and SRC-3-containing complexes (Fig. 1B). After frac-
tionation of HeLa nuclear extracts on a Q Sepharose column
(Pharmacia), both SRC-1 and SRC-3 proteins were found to
be present and enriched in the 0.3 M KCl eluate as determined
by Western blot analysis (data not shown). This 0.3 M KCl
fraction was subjected to further purification by SRC-1 and
SRC-3 antibody affinity columns. Following purification on the
antibody affinity columns, the resulting SRC-1 and SRC-3 pro-

FIG. 1. Purification of SRC complexes and analysis of associated proteins by MS. (A) HeLa cell nuclear extracts (NE) were fractionated on
a Superose 6 sizing column. The presence of SRC-1 and SRC-3 in the indicated fractions was detected by Western blot analysis. Arrows indicate
the positions of standard proteins of known molecular weights. Numbers at the top of the panel indicate the fraction number collected.
(B) Schematic diagram of protein purification. Ab, antibody. (C) The immunocomplexes resulting from the purification process diagrammed in
panel B were resolved by SDS-PAGE and stained with Coomassie blue. Both SRC-1 and SRC-3 complexes are shown. The identities of the
indicated proteins from each complex were determined by MS. An asterisk indicates the contaminated heat shock proteins. M, molecular weight
markers.
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tein complexes were resolved by SDS–10% PAGE and the
identities of the associated proteins were determined by MS
(42). As expected, SRC-1 and SRC-3 were eluted from the
antibody columns, as confirmed by MS (Fig. 1C). In addition,
the presence of SRC-2 in both SRC-1 and SRC-3 complexes is
somewhat interesting, supporting the possibility of het-
erodimerization of SRC family members, as had been sug-
gested previously (33). However, the authenticity of this dimer-
ization awaits further verification, as the possible presence of
small amounts of antibody cross-reactivity cannot be com-
pletely ruled out.

In addition, we also identified CBP and SS-A/Ro autoanti-
gens as common components of both SRC-1 and SRC-3 com-
plexes. CBP had been shown to interact with SRC family mem-
bers (50), and the presence of CBP thus supports the validity of
the use of antibody affinity purification as a means for identi-
fying associated proteins.

SS-A/Ro contains putative zinc finger domains and a leucine
zipper motif at its N-terminal half and has been shown to bind
to DNA (9, 19). Its presence is of specific clinical interest, as
antibodies to this protein are common in patients with rheu-
matic diseases, including systemic lupus erythematosus and
Sjogren’s syndrome (8, 41). The function of SS-A/Ro in the
complexes is not yet known.

Most interestingly, two components of the IKK complex,
IKK� and IKK�, were identified exclusively from the SRC-3,
but not the SRC-1, protein complex. The IKK complex, com-
posed of the two catalytic subunits IKK� and IKK� and one
regulatory IKK� subunit (15, 34, 56, 62), has been shown to
phosphorylate I�B in response to proinflammatory stimuli,
such as TNF-�, bacterial lipopolysaccharides, or interleukin-1
(15, 34, 43, 56, 61, 62). Although the third component of the
IKK complex, IKK�, was not initially identified by MS from
the immunocomplex, a protein corresponding to the molecular
mass of IKK� (p85) was visualized by Coomassie blue staining
and was subsequently identified as IKK� by Western blot anal-
ysis. Taken together, our results identified the complete IKK
enzyme as a component of the SRC-3 protein complex.

Association of SRC-3 and IKK. After determining the iden-
tities of these associated proteins, we wished to confirm the
capacity of SRC-3 to associate with the identified proteins.
Since cofractionation of proteins on a sizing column indicates
possible protein association, we fractionated HeLa nuclear
extracts on a Superose 6 gel column and analyzed the candi-
date proteins for coelution with SRC-3 by using Western blot-
ting. As shown in Fig. 2A, CBP, a known SRC-3-interacting
protein that was identified here as an SRC-3-associated pro-
tein by MS, was found also to cofractionate with the major
SRC-3 fractions (fractions 26, 28, and 30) of SRC-3. In addi-
tion, the IKK� and IKK� subunits of the IKK complex cofrac-
tionated with the larger SRC-3 complex, suggesting an associ-
ation of these proteins in a common complex. However, since
the peaks of IKK� and IKK� (fraction 24) did not coincide
with the main SRC-3 peak, our results indicate that the SRC-3
complex is heterogeneous in nature.

To further confirm the association of IKK with SRC-3, we
analyzed the presence of IKK� and IKK� in the purified
SRC-3 immunocomplex by using Western blot analysis. As
expected, SRC-1 and SRC-3 were highly and specifically en-
riched by the immunopurification (Fig. 2B, lane 2 for SRC-3

and lane 5 for SRC-1). More importantly, we found that the
SRC-3-specific antibody could coimmunoprecipitate (Co-IP)
IKK� and IKK�, whereas the SRC-1-specific antibody failed to
do so (Fig. 2B, left panel; compare lanes 2 and 5). In support
of this finding, the IKK�-specific antibody not only precipi-
tated IKK� and IKK� but also SRC-3 in a reciprocal Co-IP
experiment (Fig. 2B, right panel, lane 8). As a control, rabbit
preimmune serum was used and was found to be unable to
precipitate SRC-3, IKK�, or IKK� under similar conditions
(Fig. 2D, lanes 6 and 7).

To further substantiate the association of SRC-3 with the
IKK subunits in vivo, we tested their interactions by transiently
coexpressing these proteins in HeLa cells. Following coexpres-
sion of Flag-tagged SRC-3 and HA-tagged IKK� in HeLa
cells, an immunoprecipitation (IP)-Western blot analysis was
performed. As shown in Fig. 2C, cotransfection of Flag-SRC-3
and HA-IKK�, followed by IP with anti-Flag antibody, re-
sulted in the Co-IP of IKK� with SRC-3, as demonstrated by
Western blot analysis using anti-HA antibody (Fig. 2C, lane 6),
whereas IP from control cells or cells which received transfec-
tion of either SRC-3 or IKK� alone failed to do so (Fig. 2C,
lanes 1, 2, and 4). We confirmed the presence of IKK� in a
similar IP-Western blot experiment. Clearly, both SRC-3 and
IKK� were found to Co-IP by Flag antibody when Flag-SRC-3
and HA-IKK� were coexpressed in the same cell but not in
cells transfected with either one alone (Fig. 2C, lanes 2, 3, and
5).

To ensure that the association of IKK and SRC-3 interaction
is physiological, we examined their association in HeLa cells
where the SRC-3–IKK complex was initially identified. For this
purpose, we performed a Co-IP with anti-SRC-3 antibody by
using both cytoplasmic and nuclear extracts from HeLa cells.
We found association of SRC-3 with all three subunits of IKK
in both nuclear and cytoplasmic extracts (Fig. 2D, lanes 2 and
4). Taken together, our results indicate that IKK is a genuine
component of the SRC-3 complex.

SRC-3 and IKK act in concert to activate NF-�B-mediated
transactivation. We questioned whether NF-�B-mediated
gene expression can be synergistically modulated by SRC-3
and IKK. For this purpose, a reporter gene harboring three
copies of the NF-�B responsive element was cotransfected
with individual expression vectors for SRC-3 and IKK, either
alone or in combination. Our results showed that transfection
of IKK�, IKK�, or SRC-3 alone resulted in a three- to sixfold
increase in activation of the promoter (Fig. 3, compare lanes 2,
5, and 9 to lane 1). Importantly, cotransfection of SRC-3 with
either IKK� or IKK� resulted in 17- or 50-fold activation,
respectively (Fig. 3, lanes 6 and 10). These results show that
IKK and SRC-3 can synergistically activate NF-�B-dependent
transcription.

Since TNF-� activates NF-�B-dependent transcription
through modulation of IKK activity, we tested the effects of
TNF-� in our system. We found that treatment with TNF-�
alone can activate the promoter threefold (Fig. 3, lanes 1 and
3). In the presence of either SRC-3 or IKK alone, TNF-� was
able to moderately enhance promoter activity (Fig. 3, lanes 2
and 4, 5 and 7, and 9 and 11). In contrast, a much greater
enhancement by TNF-� of promoter activity was achieved in
the presence of both SRC-3 and IKK (Fig. 3, compare lanes 7
and 8 and 11 and 12).
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IKK kinase activity is required for synergistic activation
with SRC-3. To assess how IKK synergizes with SRC-3 to
activate the NF-�B-responsive promoter, we asked whether
IKK kinase activity is essential for the activation process. For
this purpose, we first tested the ability of an inhibitor of IKK,
sodium salicylate (NaSal), to block promoter activation (2).
This inhibitor has been shown to specifically inhibit IKK�
activity but not that of other kinases tested (60). The results
showed that on the addition of NaSal, the activation of the
promoter was significantly reduced even in the presence of
both SRC-3 and IKK, although it was not completely abolished
(Fig. 4A, lanes 6, 8, 14, and 16). As a control, we tested this
inhibitor on a promoter that does not contain the NF-�B-

responsive element (5� UAS TATA), and the results showed
that its activity was not affected (Fig. 4B, left panel).

To demonstrate further the importance of kinase activity, we
next compared the abilities of the wild-type IKK and a kinase-
defective mutant of IKK (62) to activate the NF-�B promoter.
As shown in Fig. 4A, cotransfection of SRC-3 together with the
wild-type IKK resulted in greater activation of the promoter
than with the mutant IKK counterpart, even in the presence of
SRC-3 (Fig. 4A, lanes 9 to 12 and 17 to 20), suggesting that
kinase activity is important for activation.

To rule out that the possibility that the defective kinase is
simply unable to interact with SRC-3, we tested their interac-
tions in an in vitro pull-down assay. Our results showed that

FIG. 2. Confirmation of intracellular association of SRC-3 and IKK subunits. (A) HeLa cell nuclear extracts were fractionated as described in
the legend for Fig. 1. The presence of the indicated proteins was determined by Western blot analysis. Numbers at the top of the panel indicate
the fraction number collected. Q, Q Sepharose eluate. (B) HeLa cell nuclear extracts were immunoprecipitated with anti-SRC-1 or anti-SRC-3
antibodies. The immunoprecipitates were assayed by Western blot analysis with the indicated antibodies (left panel). For reciprocal coimmuno-
precipitation, anti-IKK� antibody was used in parallel with anti-SRC-3 antibody and the immunoprecipitates were assayed by Western blot analysis
with the indicated antibodies (right panel). The input lanes represent 30% of the actual amount for IP. (C) HeLa cells were transfected with the
indicated expression vectors. The cell lysates were prepared and subjected to immunoprecipitation with anti-Flag (M2) antibody. The immuno-
precipitates were used for Western blot analysis with anti-HA antibody. (D) The cytoplasmic and nuclear extracts from HeLa cells were used for
immunoprecipitation with anti-SRC-3 antibody. The presence of the IKK subunits in the immunoprecipitates was confirmed by Western blot
analysis with specific antibodies. As a control for immunoprecipitation, the rabbit preimmune serum was used in parallel with anti-SRC-3 antibody
and the immunoprecipitates were assayed by Western blot analysis with the indicated antibodies. The input lanes represent 30% of the actual
amount for IP.
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wild-type and mutant kinases interacted equally well with
SRC-3 in vitro, suggesting that the inability of the mutants to
activate the promoter is due to a decrease in kinase activity and
not to an inability to interact with SRC-3 (Fig. 4B, lanes 4, 6,
8, and 10). Taken together, these results strongly suggest that
IKK kinase activity is important for SRC-3-enhanced NF-�B
gene activation.

Nuclear translocation-stabilization of SRC-3 is induced by
TNF-�. It is known that activation of IKK in response to
TNF-� results in nuclear translocation of NF-�B. We showed
that TNF-� potentiated SRC-3 activity in NF-�B-mediated
gene expression. We therefore investigated the effects of
TNF-� on the subcellular distribution of SRC-3. Vehicle-
treated cells and cells treated with TNF-� were lysed and
fractionated into cytoplasmic and nuclear fractions. These
fractions were then subjected to Western blot analysis to de-
termine the distribution of SRC-3. In line with previous reports
(54), our results showed that the majority of SRC-3 was
present in the cytoplasmic fractions prior to TNF-� treatment
(Fig. 5A, top panel). Interestingly, we found that SRC-3
showed time-dependent translocation to the nucleus from cy-
toplasm in response to TNF-�. Compared to the vehicle-
treated control (2%), up to 33% of SRC-3 was found in the
nucleus 1 h after TNF-� treatment (Fig. 5B). In contrast,
TNF-� did not have the same effect on SRC-1, which exists in
the nucleus most of the time, suggesting that the translocation
is limited to SRC-3 (Fig. 5A, middle panel). As a control for
TNF-� action, the degradation of I�B from these cells was
monitored. We observed a typical rapid degradation and re-
appearance pattern (Fig. 5A, bottom panel), which was con-
sistent with earlier reports (16, 62).

Phosphorylation of SRC-3 by IKK. Careful analysis of the
data showed that the nuclear SRC-3 displayed slower mobility
than the cytoplasmic counterpart (Fig. 5C, lanes 1 and 2). The
mobility difference was observed again when a mixture of cy-
toplasmic and nuclear extracts was run side by side with each
separated extract (Fig. 5C, lanes 3, 4, and 5). Furthermore,
treatment of nuclear extract with �-phosphatase resulted in
faster migration of SRC-3, which is similar to the mobility
obtained for cytoplasmic SRC-3 (Fig. 5D, lanes 1, 2, and 3),
suggesting that nuclear SRC-3 was phosphorylated. To sub-
stantiate this hypothesis, we asked if SRC-3 is a substrate of
IKK. For this purpose, we employed an in vitro kinase assay
using purified SRC-3 as substrate. Figure 6A shows that SRC-3
was able to be phosphorylated by both IKK� and IKK� in
vitro, with IKK� phosphorylating SRC-3 more efficiently than
IKK� (Fig. 6A, lanes 2 and 3). In addition, we also tested the
phosphorylation abilities of the kinase mutants in parallel. Our
results showed that the mutants still contained some residual
activity and were able to phosphorylate SRC-3 but only at
much lower levels (Fig. 6A, lanes 4 and 5). The expected
residual kinase activity could explain the slight activation we
observed, as shown in Fig. 4A (lanes 10 and 18). The differ-
ential phosphorylation of SRC-3 was not due to the inability of
mutant IKK to interact with SRC-3 (Fig. 4B) or to lack of
expression, as Western blot analysis showed that similar levels
of protein were expressed (Fig. 6B).

Since SRC-3 is phosphorylated by IKK in vitro, we next
asked whether TNF-�, a physiological inducer of IKK activity,
affects the phosphorylation of SRC-3 in vivo. To this end,
HeLa cells were labeled with orthophosphate (32Pi) in the
presence or absence of TNF-� and then subjected to IP with an
anti-SRC-3 antibody to determine whether SRC-3 phosphor-
ylation can be regulated by TNF-�. Our results showed that
SRC-3 was a phosphoprotein in vivo and, more importantly,
that phosphorylation of SRC-3 was enhanced by TNF-� (Fig.
6C, compare lanes 2 and 4 to 1 and 3). As a control, the levels
of SRC-3 expression were left unaltered in the presence or
absence of TNF-� (right panel, Coomassie staining). In con-
trast to SRC-3, our results also showed that phosphorylation of
SRC-1 was not affected by TNF-� (Fig. 6C, lanes 5 and 6).
Since TNF-� treatment activates IKK, our results support the
conclusion that SRC-3 is a target for IKK.

Involvement of SRC-3 in NF-�B-mediated gene expression.
Our data suggested that SRC-3 plays an important role in
NF-�B-mediated gene expression (Fig. 3) and that its activity is
subjected to regulation by phosphorylation. To support the
physiological importance of these findings, we investigated the
possible role of SRC-3 in immune response. We first examined
the expression of the proinflammatory caspases in LNCaP
cells, which overexpress SRC-3 in a strictly RU486-inducible
manner (7). The expression of SRC-3 in these cells has been
shown to be induced very rapidly by RU486 and reaches max-
imum levels 2 to 4 h after exposure to the inducing agent (Y.
Hashimoto, S. Y. Tsai, and M.-J. Tsai, unpublished result). As
shown in Fig. 7A (right panel), induction of SRC-3 by RU486
resulted in the increased expression of two proinflammatory
caspases, caspase 4 and caspase 5, as detected by RPA. The
induction of caspase expression is rapid and can be detected
within the first 4 h upon addition of RU486 and can be main-
tained for up to 24 h in the continuous presence of RU486. In

FIG. 3. Synergistic activation of an NF-�B-responsive promoter by
SRC-3 and IKK. HeLa cells were transfected with either SRC-3 or
IKK expression vector alone or with the two combined. Where indi-
cated, TNF-� (�) was added 24 h after transfection for 4 h. Thereaf-
ter, the luciferase activity derived from the transfected �B-responsive
promoter was measured and normalized by total input proteins. The y
axis represents relative activities by comparison to those of samples
transfected with the NF-�B-responsive promoter alone, whose activity
was assigned a value of 1. The bars represent the means and standard
deviations of the results from three independent experiments with
triplicate samples.
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FIG. 4. Kinase activity of IKK is required for optimum NF-�B activation by SRC-3. (A) HeLa cells were transfected as described in the legend
for Fig. 3. The IKK inhibitor, NaSal, was added to a final concentration of 5 mM after transfection and incubated for another 24 h. Thereafter,
the luciferase activity was determined and expressed as described earlier. (B) As a control, HeLa cells were transfected with a reporter gene (5�
UAS TATA luciferase) along with either GAL4 or GAL4-VP16 expression plasmid, and the results showed that neither the basal (GAL4) (bottom
left panel) nor the activated (GAL4-VP16) (bottom right panel) activity of this promoter was affected. RLU, relative light units. SRC-3 and the
indicated IKK were cotranslated and labeled with [35S]methionine in vitro. The products were then immunoprecipitated with anti-HA antibody,
resolved by SDS-PAGE, and visualized by autoradiography.
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contrast, no change in the expression of these caspases was
detected from the parental LNCaP cells as determined by RPA
(left panel).

Recently, eye and skin infections have been noted in our

SRC-3 null mice, suggesting a possible impairment of the im-
mune system in these animals (58). This result is consistent
with a role for SRC-3 in inflammatory responses. To investi-
gate this defect further, we examined the status of IRF-1, a

FIG. 5. Nuclear translocation of SRC-3 is induced by TNF-�. (A) The proteins from untreated cells and cells treated with TNF-� for the times
indicated (all grown in DMEM containing 0.5% FBS) were separated into cytoplasmic and nuclear fractions. The membrane containing the
fractions was subjected to sequential Western blot analysis by stripping and reprobing the membrane with the indicated antibodies (left panel). The
degradation of I�B as evidenced by Western blot analysis was used to monitor the effect of TNF-� on these cells. The results shown are
representative of two independent experiments with similar results. (B) Bar chart showing data from experiments as described for panel A. Values
corresponding to the y axis represent the percentages of SRC-3 from nuclei (nuclear/nuclear � cytoplasmic [N/N�C]), whereas those corre-
sponding to the x axis represent durations of TNF-� treatment. (C) The proteins from TNF-�-treated HeLa cells were fractionated as described
for panel A and assayed by Western blot analysis (left panel). Furthermore, the cytoplasmic fraction was mixed with the nuclear fraction and run
side by side with each separated fraction to compare levels of mobility (right panel). (D) Where indicated (�), the nuclear extract was treated with
�-phosphatase (�-PPase) prior to Western blot analysis. The differences in mobility are indicated by a bracket. N, nucleus; C, cytoplasm.
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known NF-�B target gene (31), in SRC-3 null mice. Total
RNA prepared from the spleens of control and SRC-3 null
mouse littermates was analyzed by RPA to determine whether
the levels of IRF-1 mRNA are affected by the genetic deletion
of SRC-3. As might be predicted, we found reduced but not
abolished expression of IRF-1 in the SRC-3 null mice (Fig.
7B). In total, we analyzed five mice from each group. Among
these, four out of five SRC-3 null mice exhibited significantly
reduced basal expression of IRF-1 (Fig. 7B and data not
shown). The animal results are also compatible with those for
SRC-3 involvement in the regulation of NF-�B-responsive
genes in vivo.

DISCUSSION

Despite sequence and functional similarities, several lines of
evidence have suggested that members of the SRC family of
coactivators play roles in distinct biological processes, since
SRC-3 null mice exhibit quite distinct phenotypes from those

reported for SRC-1 null mice (54, 58, 59). Furthermore, the
differences in the subcellular localizations of SRC-1 and SRC-3
suggest that the activity of SRCs could be subject to further
regulation. This notion applies to SRC-3 in particular, as it
resides predominantly in the cytoplasm, away from its func-
tional site of nuclear transcription (54).

In the present study, we described the biochemical purifica-
tion of SRC complexes and the subsequent identification of
IKK as part of the SRC-3 but not the SRC-1 complex. IKK is
considered to be the master regulator of host immune re-
sponse by virtue of its ability to control NF-�B activation. Since
NF-�B is a central mediator of human immune-inflammatory
response, the differential association of SRC-3 and not SRC-1
with IKK is of great interest.

In support of the significance of the SRC-3–IKK complex,
we showed that SRC-3 was able to enhance NF-�B transacti-
vation synergistically in concert with IKK in a transient trans-
fection. To elucidate the underlying mechanism of this trans-
activation, our results showed that SRC-3 is phosphorylated by

FIG. 6. Phosphorylation of SRC-3 by IKK. (A) HeLa cells were
subjected to transfection with the indicated IKK expression vectors,
which was followed by immunoprecipitation with anti-HA antibody.
The immunoprecipitates were assayed for kinase activity in vitro with
purified SRC-3 or I�B as a substrate in the presence of [�-32P]ATP.
The top panel shows the phosphorylated SRC-3 and I�B, and the
bottom panel shows the same gel stained with Coomassie blue, indi-
cating the presence of equal amounts of SRC-3 and I�B. Mock, mock
transfected. (B) A portion of the immunoprecipitates from the trans-
fections described for panel A was used for Western blot analysis with
anti-HA antibody. The results indicated similar amounts of HA-tagged
proteins were being precipitated. Mock, mock transfected. (C) HeLa
cells were labeled with 32Pi in vivo in the presence (�) or absence (	)
of TNF-�. The lysates were prepared and subjected to immunopre-
cipitation by anti-SRC-3 antibody. Shown on the left is the extent of
SRC-3 phosphorylation, and on the right is the same gel stained with
Coomassie blue, which shows that similar amounts of SRC-3 were
immunoprecipitated. The experiment was done in duplicate. The phos-
phorylation of SRC-1 was also determined in a similar manner by using
anti-SRC-1 antibody. The presence of TNF-� is indicated by a plus
sign. Western blot analysis (WB) was used to determine the SRC-1
protein amount.
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IKK despite the fact that, to our knowledge, I�B is the only
reported substrate of IKK (Fig. 6A). Consistent with the re-
sults of a previous report (18), we showed that SRC-3 is a
phosphoprotein in vivo; we went on to show that phosphory-
lation of SRC-3 is induced in response to TNF-�, a stimulator
of IKK activity. At present, however, we cannot exclude the
possibility that SRC-3 is phosphorylated by some TNF-� acti-
vated kinase(s) other than IKK in intact cells. In further sup-
port of the importance of SRC-3 phosphorylation, our exper-
iments demonstrated that IKK phosphorylation of SRC-3 in
vitro correlates with its ability to activate promoters in a tran-
sient transfection. Therefore, our results suggest that the co-
activator activity of SRC-3 can be subject to regulation by a
chain of events in response to TNF-�, including IKK activa-
tion, inducible SRC-3 phosphorylation, nuclear translocation,
and target gene activation.

At present the exact mechanism whereby phosphorylation
results in SRC-3 activation is not clear, but it has been postu-

lated that phosphorylation of SRC-3 might activate its own
intrinsic acetyltransferase activity or serve as the platform for
the recruitment of other coactivators, such as CBP/p300 (18).
However, as suggested by our results, another mechanism by
which phosphorylation can regulate SRC-3 activity is through
the control of its subcellular localization. In agreement with an
earlier report (54), we also found that SRC-3 frequently re-
sides predominantly in the cytoplasm, whereas SRC-1 is almost
exclusively a nuclear protein. Our results showed that the nu-
clear translocation of SRC-3 is subject to regulation by TNF-�,
as evidenced by its accumulation in the nucleus upon addition
of TNF-�. This accumulation could result either from active
translocation or from a shift in compartmental equilibrium
whereby nuclear export is decreased; which of the two events is
responsible remains to be determined. The importance of
SRC-3 phosphorylation is supported by the fact that phosphor-
ylated forms of SRC-3 are the predominant forms that are
found in the nucleus. Although nuclear translocation may be

FIG. 7. NF-�B target gene expression in SRC-3 null animals. (A) Inducible LNCaP cells were grown in the presence (�) or absence (	) of
RU486 (100 nM) for the times indicated to induce expression of SRC-3. Afterward, total RNA was prepared and the expression levels of caspase
4 and caspase 5 were determined by RPA (right panel). The expression of these two caspases from the parental LNCaP cells was also determined
by RPA and was shown not to change even in the presence of RU486 (left panel). The levels of L32 and GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) are shown as a loading control. (B) Total RNA from spleens was analyzed by RPA to determine the expression level of IRF-1.
The RPA results for three mice from each group are shown. The level of cyclophilin expression was determined in the same reaction and used as
an RNA loading control.
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important in IKK-mediated activation of SRC-3, other mech-
anisms must also play a role in IKK-induced SRC-3 activity.
Taken together, our results indicate that the mechanism by
which TNF-� activates SRC-3 is twofold and includes in-
creased phosphorylation and nuclear translocation-stabiliza-
tion.

Although the results of transfection studies have implicated
SRC-1 in the enhancement of NF-�B-mediated transactivation
(35) and SRC-1 has been reported to be a phosphoprotein (44,
45), it is notable that phosphorylation of SRC-1 was not af-
fected by TNF-� in our study (Fig. 6C). We reason that this
anomaly might be attributed to the differential association
capacities of IKK with SRC-3 and SRC-1, a conjecture further
supported by our finding that unlike that of SRC-3, the SRC-1
complex does not contain IKK subunits.

The preferential ability of IKK� to more efficiently activate
NF-�B-mediated transactivation than IKK� is also of interest.
Although IKK� and IKK� share a high degree of sequence
identity (62), our results are consistent with the observation
that IKK� is more important than IKK� for the activation of
NF-�B in response to TNF-� stimulation (26, 48).

Finally, we observed an increased expression of proinflam-

matory caspases (10) in SRC-3-overexpressing cells and a re-
duced level of IRF-1, an NF-�B target gene (31), in the spleens
of SRC-3 null mice. Since IRF-1 is one of the major mediators
of NF-�B’s action in the immune response, it is not unexpected
that SRC-3 null mice should have increased skin and eye in-
fections (58). More importantly, this result lends further sup-
port to the physiological significance of our observation that
SRC-3 plays a role in maintaining the NF-�B response.

Our results and those of others have shown that steroid
receptors as well as NF-�B can use SRC-3 as a coactivator and
that IKK plays an important role in SRC-3 functions (Fig. 8).
Consequently, cytokine stimulation (e.g., TNF-�) activates
IKK and leads to phosphorylation and degradation of I�B as
well as to nuclear localization of SRC-3. In this sense, cyto-
kines can enhance the activities of both NF-�B and steroid
receptor pathways. Under normal conditions, when the con-
centration of SRC-3 is limiting, nuclear competition for SRC-3
could lead to squelching and interpathway inhibition (23, 35,
55). Nuclear competition therefore represents a mechanism
whereby steroid receptor complexes could exert their well-
known antiinflammatory influences, the composite result of
which would be dependent upon the cell-specific concentra-

FIG. 8. Model for SRC-3 regulation by phosphorylation. In response to the presence of TNF-� or ligands, increased phosphorylation of SRC-3
led to the activation and nuclear translocation of SRC-3. The effects of phosphorylation were similar for NF-�B. The association of SRC-3 with
IKK was observed in both the cytoplasm and nucleus but is omitted for the nucleus for clarity. The dashed line indicates the putative interaction
between SRC-3 and NF-�B (55).
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tions of SRC-3. In the case of endocrine tumors, however,
where SRC-3 (AIB1) is usually overexpressed (3), the local
concentrations of coactivator may be sufficient for full activa-
tion of these and other SRC-3-dependent pathways—a poten-
tially dangerous situation.
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