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SRC-3/AIB1/ACTR/pCIP/RAC3/TRAM-1 is a primary transcriptional coactivator for the estrogen receptor.
Here we report that deletion of the SRC-3 basic helix-loop-helix (bHLH) domain blocks its proteasome-
dependent turnover. We further identified two residues (K17 and R18) in the SRC-3 bHLH domain that are
essential for its stability. Moreover, we found that the bHLH domain contains a bipartite nuclear localization
signal (NLS). SRC-3 NLS mutants block its translocation into the nucleus, and this correlates with its
insensitivity to proteasome-dependent turnover. SRC-3 shows a time-dependent decay in the presence of
cycloheximide which is not apparent for the cytoplasmic mutant. Fusion of a simian virus 40 T antigen NLS
to the cytoplasmic localized SRC-3 mutant drives it back into the nucleus and restores its proteasomal
sensitivity. In addition, the cytoplasmic mutants are inactive for transcriptional coactivation and cancer cell
growth. Taken together, our data indicate that proteasome-dependent turnover of SRC-3 occurs in the nucleus
and that two amino acid residues in the bHLH domain provide a signal for its nuclear localization and
proteasome-dependent degradation as well as for regulation of SRC-3 transcriptional coactivator capacity.

Nuclear receptors comprise a large class of transcription
factors that play central roles in development, reproduction,
and homeostasis. Many nuclear receptor functions are regu-
lated by specific steroid ligands. Ligand binding induces disso-
ciation of corepressors and recruitment of coactivators to me-
diate the activation of gene transcription (15, 37, 39, 57). The
most well-studied coactivators are members of the steroid
receptor coactivator SRC/p160 family (39): SRC-1 (43), TIF2/
GRIP1/SRC-2 (21, 59), and AIB1/pCIP/ACTR/RAC-3/TRAM-
1/SRC-3 (2, 7, 18, 30, 54, 55).

SRC/p160 family proteins possess similar structures in their
primary amino acid sequences (39). In the central region, there
is an �-helical LXXLL motif, or NR box, which is implicated in
their ligand-dependent recruitment by steroid receptors (20,
44, 60). At the C terminus, there is a HAT domain with acetyl-
transferase activity (7, 52). Between the NR box and HAT
domain, there are CBP interaction and CARM1 interaction
domains, both of which overlap with transferable activation do-
mains (6, 7, 60). SRC proteins are most highly conserved in
an N-terminal region that contains a basic helix-loop-helix
(bHLH) domain and a PAS homology domain; those domains
are present in members of the Per/Arnt/Sim family of tran-
scription factors and mediate protein-protein interactions (15,
39). In contrast, the function of the bHLH domain in SRCs is
largely unknown.

SRC family members have previously been reported to be
overexpressed in various cancers (2, 17, 24, 33). SRC-3/AIB1 is
genetically amplified in 5 to 10% of breast and gastric cancers
but overexpressed in 40 to 60% of them (2, 33, 50, 61). It is an

oncogene (56). Overexpression of SRC-3 stimulates the AKT
signaling pathway and promotes cell growth (56, 73). When it
is overexpressed in mice, SRC-3 induces spontaneous breast
tumors (56). In contrast, SRC-3 deficiency suppresses v-Ha-
ras-induced breast tumor initiation and progression in mice
(27). Recently, it was demonstrated that phosphorylation plays
a critical role in regulating SRC-3 activity for steroid and
growth factor signaling and cell transformation (14, 65, 66).

Spatial and temporal regulation of essential regulatory mol-
ecules between different compartments is one of the key events
in cellular signal transduction, gene activation, and protein
dynamics during various biological processes. It has been dem-
onstrated that estrogen induces phosphorylation of SRC-3 in
an extranuclear complex (72), while the phosphorylated SRC-3
protein mediates gene activation in the nucleus (66). Multiple
pathways are involved in cellular protein turnover, and the
levels of important growth-promoting coactivators (and onco-
genes) are likely tightly regulated in normal cells. Although the
cellular levels of the SRC family of coactivators can be regu-
lated at the transcription level under pathological conditions,
posttranslational regulation appears to play the prominent
role under differentiated physiological conditions (31, 35, 69).
Nevertheless, the molecular mechanisms of regulating the nu-
cleocytoplasmic shuttling and turnover of SRC-3 are obscure.

The ubiquitin/proteasome pathway plays a widely recog-
nized role in promoting degradation of many regulatory pro-
teins in eukaryotic cells (16). It is responsible for degradation
of many nuclear receptors and coregulators (35, 36, 42). The
underlying mechanisms for regulating transcription factors by
the ubiquitin-proteasome system can occur at the level of reg-
ulation of their location, activity, or abundance through con-
stitutive turnover or transcription-coupled destruction (10, 41).
It is known that proteasomes are localized in both the nucleus
and the cytosol, where intracellular proteins can be degraded
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by them (16). A number of transcription factors have previ-
ously been reported to be degraded in the nucleus (4, 9, 11, 13,
28, 46, 49, 63).

Recently, it has been reported that SRC-3 protein is contin-
uously turned over by proteasomes while maintaining its es-
sential role in steroid receptor signaling (31, 35, 36, 69). Reg-
ulation of SRC-3 protein stability by proteasomes has been
reported to occur by both ubiquitin-dependent (35, 67) and
ubiquitin-independent (31) pathways. However, the cellular
compartment responsible for this proteasome-dependent turn-
over remains unclear.

Herein, we demonstrate the spatial regulation of SRC-3/
AIB1 oncogene protein stability by proteasomes. Two amino
acid residues (K17 and R18) within the N-terminal bHLH
domain are identified to be essential for its proteasome-depen-
dent turnover. These two residues also appear to be the signal
residues for its nuclear localization (nuclear localization sig-
nals [NLS]). Mutation of these two residues in SRC-3 renders
SRC-3 unable to be imported into the nucleus and degraded by
proteasomes. Fusion of a simian virus 40 (SV40) T antigen
NLS (TNLS) to this mutant rescues both its nuclear localiza-
tion and its proteasome-dependent turnover, indicating a cru-
cial role for the nuclear compartment in regulation of SRC-3
protein turnover and transcriptional regulatory capacity.

MATERIALS AND METHODS

Plasmids. For most experiments, 293 cells were transiently transfected with
expression vectors for the wild-type (SRC-3 wt) or mutant forms of SRC-3.
FLAG-tagged SRC-3 wt was generated as described previously (66). A series of
deletion mutants of SRC-3 were constructed by subcloning of Pfu-PCR-amplified
SRC-3 fragments with XhoI or ApaI end sites into FLAG–SRC-3 wt’s vector.
Single point mutations of SRC-3 were generated according to Stratagene’s site-
directed mutagenesis protocol using point mutation primers. After Pfu-PCR
amplification, DpnI digestion was used to remove the parental plasmid and the
resultant plasmid constructs were sequenced. The K17A/R18A double mutant of
SRC-3 was generated by two rounds of subcloning for each single point mutant.
Mutation of the four basic residues to Ala in C-NLS (SRC-3-A4) was performed
using K35A as a template to further mutate three additional sites. TNLS–SRC-
3-K17A/R18A was generated by Pfu-PCR amplification using an N-terminal
primer containing an XhoI site and flanking sequence encoding SV40 T antigen
NLS (PPKKKRKV). pcDNA3.1-lacZ for �-galactosidase (�-Gal) was purchased
from Invitrogen. Expression vector for hemagglutinin-ubiquitin (HA-Ub) was a
generous gift from Dirk Bohmann (University of Rochester).

Cell culture and transfections. Transient transfections were carried out in 293
or HeLa cells, which were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (36). For luciferase re-
porter assays, at least 24 h prior to transfection HeLa cells were plated in 24-well
or 6-well plates in phenol red-free DMEM containing 5% charcoal dextran-
stripped fetal bovine serum (Gemini Bio-Products, Woodland, CA). Transfec-
tions were carried out with TransIT-LT1 (Mirus, Madison, WI) according to the
manufacturer’s recommendations. One day after transfection, cells were treated
with 10�8 M estradiol (E2), 10�9 M dihydrotestosterone (DHT), 10�8 M pro-
gesterone, or ethanol vehicle for corresponding to their luciferase reporters.
Twenty-four hours after hormone treatment, cells were harvested for luciferase
and Western analyses. Luciferase activities were normalized to SRC-3 wt and
mutant protein levels.

Western analyses and antibodies. Cells were lysed in an extraction buffer (66)
on ice for 30 min with brief vortexing, followed by centrifugation for 15 min at
21,000 � g and 4°C. Supernatants were analyzed by 6% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently transferred
to nitrocellulose membranes (Bio-Rad). In the case of FLAG-tagged SRC-3 wt
and mutants, a horseradish peroxidase-conjugated anti-FLAG antibody (Sigma)
with a 1:2,000 dilution was directly used for detection. Anti-�-Gal antibody
(Roche) with a 1:2,000 dilution and anti-Hsp70 antibody (Transduction Labo-
ratories, BD Bioscience) with a 1:5,000 dilution were used for detection of each
protein. All other antibodies were from Santa Cruz Biotechnology. All blots were
visualized by enhanced chemiluminescence (ECL; Amersham).

Cell fractionation. Cell fractionation was carried out as described elsewhere
(65), with several modifications. In brief, 293 tetracycline-inducible SRC-3 wt or
its K17A/R18A mutant in stable cells were lysed in buffer A (10 mM HEPES, pH
7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol, 10 �g/ml phenylmethyl-
sulfonyl fluoride, and protease inhibitor mix [Roche]). The homogenates were
centrifuged for 10 min at 3,000 rpm to pellet nuclei. The supernatants were
collected and used as cytosolic fractions. Pelleted nuclei were washed twice with
buffer A. Nuclear fractions were extracted from nuclei with buffer C (20 mM
HEPES, pH 7.9, 1.5 mM MgCl2, 600 mM NaCl, 0.5 mM dithiothreitol, 10 �g/ml
phenylmethylsulfonyl fluoride, and protease inhibitor mix), followed by centrif-
ugation for 15 min at 21,000 � g.

Proteasome-dependent protein stability analyses. For proteasome-dependent
protein stability assays, after transfection of expression plasmids, cells were
treated with the proteasome inhibitor MG132 (5 �M) (Sigma) or DMSO vehicle
overnight followed by Western analysis (36). Another highly specific proteasome
inhibitor, epoxomicin (BostonBiochem) (500 ng/ml), also was used to examine
proteasome-dependent protein stability in cells. For studies of the protein decay
using treatment with cycloheximide (CHX), 2 days after cell transfection, cells
were treated with CHX (0.5 mM) for indicated times, and SRC-3 wt or mutant
protein levels were examined by Western blotting. For analysis of ubiquitination
of SRC-3 wt and the cytoplasmic mutant, each above-described FLAG-tagged
expression plasmid was transfected together with the HA-Ub plasmid into 293
cells, followed by immunoprecipitation (IP) with anti-FLAG antibody and West-
ern blotting.

Stable cell lines and pulse-chase assays. Stable 293 cell lines overexpressing
SRC-3 wt and the K17A/R18A mutant were generated by an Flp-In T-REx
system (Invitrogen). After induction by tetracycline for 2 days, cells were washed
with DMEM without methionine (Met) and cysteine (Cys) (Invitrogen) and then
incubated in this minimal medium for 1.5 h. Subsequently, the minimal medium
was removed and the pulse-label medium (50 �Ci [35S]Met/ml and 50 �Ci
[35S]Cys/ml [ICN] in DMEM without Met and Cys) was added for 1 h, followed
by removal of the pulse-label medium and addition of the chase medium
(DMEM with 1 mM unlabeled Met and Cys and 10% fetal calf serum) for
indicated chase times. Cells were collected and lysed followed by immunopre-
cipitation with anti-FLAG antibodies, analyzed by SDS-PAGE, and quantified by
use of a phosphorimager. T47D cell lines overexpressing SRC-3 wt or a cyto-
plasmic mutant were generated by use of a retrovirus method (66).

Cell proliferation assay. 293 tetracycline-inducible SRC-3 wt or its K17A/
R18A mutant in stable cells was seeded into 96-well plates with 2,000 cells/well.
One day after induction by tetracycline (1 �g/ml), viable cell numbers were
determined by a CellTiter 96 AQueous One Solution cell proliferation assay
(Promega). The optical density (490 nm) measurement was linear between cell
numbers 1250 and 40000 in our calibration before the assay. 293/Flp recombi-
nation target host cells (Flp-In T-REx 293 cells) (Invitrogen) were also measured
as a control. Breast cancer T47D cell proliferation assays also were performed by
using the CellTiter 96 AQueous One Solution cell proliferation assay mentioned
above.

Flow cytometry analysis was conducted at the Flow Cytometry Core Facility at
Baylor College of Medicine. T47D cells overexpressing SRC-3 wt or a cytoplas-
mic mutant described above were grown as described previously (36), followed by
use of a standard propidium iodide DNA staining procedure.

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were performed
as previously described (31). The pS2 gene promoter was analyzed by PCR after
immunoprecipitation.

GFP fusion proteins. pAcGFP1-C3 vector (Clontech, BD Biosciences) was
used as a backbone for green fluorescent protein (GFP) fusion protein con-
structs. SRC-3 wt and the �N12, �N19, K17A/R18A, and TNLS-K17/R18A
mutants were generated by subcloning each from the above-described SRC-3 wt
and mutant constructs into pAcGFP1-C3 by use of XhoI- and ApaI-digested
fragments. GFP–SRC-3–�C-NLS was generated by Pfu-PCR amplification to
delete C-NLS, followed by ligation using a SalI site, which was flanked at two
primer ends. GFP–N-NLS, GFP–C-NLS, and GFP-NLS were generated by Pfu-
PCR amplification of N-NLS, C-NLS, and NLS fragments with XhoI and ApaI
at two ends, followed by subcloning into pAcGFP1-C3. All GFP fusion proteins
were expressed in 293 or HeLa cells by transient transfection of plasmid con-
structs. After 2 days, the GFP fusion proteins were visualized either directly
under a fluorescence microscope or by prior fixation using 3.7% formaldehyde
and nuclear staining by DAPI (4�,6�-diamidino-2-phenylindole) or Hoechst stain
(2 �g/ml) (Sigma).

Immunofluorescence staining. The basic protocol for the immunofluorescence
staining experiment is described at http://microscopy.bcm.tmc.edu. Cells were
transfected with plasmids for SRC-3 wt or mutants. After 2 days, cells were
washed with phosphate-buffered saline (PBS) three times, fixed with 3.7% form-

VOL. 27, 2007 SRC-3 bHLH DOMAIN RESIDUES AND NUCLEAR LOCALIZATION 1297



aldehyde for 30 min on ice, and then washed again with PBS three times followed
by permeabilization with 0.5% Triton X-100 in PBS at room temperature for 30
min. Cells then were washed with PBS three times and blocked in PBS–0.1%
Tween 20 buffer with 5% milk for 30 min at room temperature. Subsequently,
anti-FLAG-M2 antibody (Sigma) was incubated with cells at 4°C overnight,
followed by washes and incubation with goat anti-mouse Alexa 555 or Alexa 488
(Molecular Probes) at room temperature for 30 min. Finally, the secondary
antibody was removed, rinsed again, and applied to the coverslips prior to
visualization by an Applied Precision deconvolution microscope (DeltaVision)
(Applied Precision, Inc.).

RESULTS

The bHLH domain of SRC-3 contributes to SRC-3’s protea-
some-dependent stability. To study a functional role of the
bHLH region of SRC-3, we generated an N-terminal mutant
construct deleted in the bHLH domain (�bHLH). To our
surprise, we observed a remarkably higher steady-state level of
this SRC-3 mutant protein than of the SRC-3 wt protein when
equal amounts of plasmid DNA were transfected into 293 cells
(Fig. 1A, lanes 1 and 3). We previously reported that the
SRC/p160 family proteins and the estrogen receptor (ER) are
targets of the 26S proteasome, since disruption of proteasome
function by its inhibitor MG132 results in increased steady-
state levels of both ER and SRC/p160 proteins (36). Therefore,
we examined whether the higher level of SRC-3 �bHLH pro-
tein was caused by a reduction in proteasome-dependent deg-
radation of this mutant. Treatment of 293 cells with MG132
dramatically increased the wt SRC-3 protein level in compar-
ison to cells treated with DMSO (Fig. 1A, lanes 1 and 2); in
contrast, virtually no change was detected for the SRC-3
�bHLH mutant in the presence or absence of MG132 (Fig.
1A, lanes 3 and 4). Cotransfection of the LacZ gene plasmid
into cells followed by Western detection using an anti-�-Gal
antibody did not result in a similar response to MG132, indi-
cating the observed changes were not due to differential trans-
fection efficiency. In addition, Hsp70 was used in the same
experiment to monitor cell numbers and MG132 treatment; it
showed only a slight increase, consistent with previously re-
ported observations (5, 29). Taken together, the results indi-
cate that the SRC-3 �bHLH domain is essential for protea-
some-dependent turnover of SRC-3.

Two residues in the SRC-3 bHLH domain are essential for
its stability. To further map the region responsible for this
proteasome-dependent stability, a number of truncation mu-
tants in the SRC-3 bHLH domain were constructed (Fig. 1B,
lower-panel sequences). The relative susceptibility of each
SRC-3 mutant to proteasome-mediated degradation was as-
sessed by comparing the difference in SRC-3 protein levels
between cells that were treated with or without MG132. Two
shorter deletions that remove the N-terminal 38 (�N38) or 19
(�N19) amino acid residues of SRC-3 resulted in the same
effect, as shown by the deletion of the entire bHLH, which
blocked the proteasome-dependent turnover (Fig. 1B). In con-
trast, a smaller deletion of only the N-terminal 12 (�N12) or 15
(�N15) residues showed no stabilization of SRC-3 protein
(Fig. 1B), indicating that four basic N-terminal residues (N16
to N19) contain a determinant critical for proteasome-depen-
dent degradation.

To precisely define the critical amino acids in the region
between N16 and N19 that confer protein destabilization, ad-
ditional SRC-3 mutants with single amino acid point substitu-

tions were constructed. These expression constructs include
mutation of Ser 13 to Ala (S13A), Asp 14 to Ala (D14A), Ser
15 to Ala (S15A), Ser 15 to Glu (S15E), Arg 16 to Ala (R16A),
Lys 17 to Ala (K17A), Arg 18 to Ala (R18A), or Lys 19 to Ala
(K19A) (Fig. 1C). In comparison to SRC-3 wt and �N19,
which show a response and no response to MG132, respec-
tively, responses of the K17A and R18A mutants appeared to
be similar to that of �N19, while all other point mutants pro-
vided no stabilization effect (Fig. 1C). This result indicates that
Lys 17 (K17) and Arg 18 (R18) are the two essential residues
in the bHLH domain of SRC-3 that determine its susceptibility
to proteasome-mediated degradation.

Lys 17 and Arg 18 are two basic charged residues. To test
whether only basic charges in these two positions are necessary
and sufficient for determining SRC-3 turnover, Lys 17 also was
mutated to Arg (K17R) and Arg 18 to Lys (R18K). As shown
in Fig. 1D, K17R behaved similarly to SRC-3 wt, indicating
that a basic charged residue at the position of residue 17 is
sufficient to render it sensitive to proteasome-dependent deg-
radation. The R18K mutant, however, showed a similar lack of
response to MG132, indicating that a simple basic charge at
residue 18 is not sufficient to make it sensitive to proteasome
degradation (Fig. 1D). A double mutant of K17A and R18A
was constructed, and this mutant appeared to be unresponsive
to MG132 as well and displayed a higher level of protein than
the single K17A or R18A mutant. Transfection of a lower
amount of vector expressing the K17A/R18A mutant (20%)
resulted in a level of protein similar to that observed for the
single K17A or R18 mutant (Fig. 1D).

Since the two basic K17 and R18 residues are required for
normal proteasome-dependent turnover of SRC-3, we ana-
lyzed the primary amino acid sequence of SRC-3 surrounding
this region in different species. The N-terminal 60 residues of
human SRC-3 (hSRC-3), which consist of a majority of the
bHLH domain (ending at the 84th residue), was compared
with mouse SRC-3 and rat SRC-3 sequences (Fig. 1E, top
panel). This region is highly conserved between human, mouse,
and rat. Interestingly, there are two putative NLS in this region
(Fig. 1E, underlined sequences, N-NLS and C-NLS); the first
N-NLS encompasses K17 and R18. The putative NLS motifs
also are conserved among the SRC/p160 family, including
SRC-1, -2, and -3 (Fig. 1E, middle panel). The amino acid
spacer between the two putative NLS in the SRC-3 family (1)
is composed of 15 residues, which is longer than a typical
bipartite NLS spacer of 10 to 12 residues, such as those of the
well-known bipartite NLS in interleukin-5 (23), retinoblastoma
(70), and p53 (32) (Fig. 1E, bottom panel).

Correlations exist between SRC-3 stability and its subcellu-
lar localization. To determine whether the putative SRC-3
NLS are functional in cells, a number of SRC-3 N-terminal
deletion mutants were tested by immunofluorescence staining.
Plasmid DNA encoding FLAG-tagged SRC-3 wt and mutants
was transfected into HeLa cells cultured in a complete-serum
medium, followed by immunofluorescence staining with anti-
FLAG antibodies to detect SRC-3 wt or mutants. SRC-3 wt
and deletion of N15 (�N15) appeared in the nucleus, whereas
the deletions of N19 (�N19) and bHLH (�bHLH) were
present in the cytoplasm (Fig. 2A, panel a). As expected, an
SRC-3 mutant with a deletion of N12 had the same subcellular
localization as an SRC-3 mutant with a deletion of N15 (data
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not shown). The same results were also seen in 293 cells (Fig.
2A, panel b). The results indicate that some or all amino acids
within the four basic residues from R16 to K19 are required for
SRC-3 nuclear localization.

To substantiate our results, GFP fusions with SRC-3 wt or
mutants were expressed in HeLa cells cultured in a full-serum

medium. GFP alone appeared in both the nucleus and the
cytosol, and GFP–SRC-3 wt possessed a nuclear localization.
GFP fusion with deletion of N12 of SRC-3 also appeared to be
in the nucleus; in contrast, GFP fusion with deletion of N19 of
SRC-3 resulted in cytoplasmic localization (Fig. 2B). In addi-
tion, all of these GFP fusion proteins were expressed in 293

FIG. 1. Two residues of the SRC-3 bHLH domain essential for SRC-3’s proteasome-dependent stability. (A) The bHLH domain of SRC-3 is
essential for SRC-3’s proteasome-dependent stability. 293 cells were transfected with 200 ng of the plasmids for wt FLAG–SRC-3 (FLAG-SRC-3)
or a mutant with deletion of bHLH (FLAG-SRC-3-�bHLH) as well as 20 ng of the plasmid for �-Gal. After treatment with MG132 (�) or DMSO
(�), cells were harvested for Western analysis using antibodies as indicated. Protein molecular mass markers (in kilodaltons) are shown at the left.
The SRC-3 protein structure is indicated at the bottom. (B) Deletion mapping of the bHLH domain. The procedure was the same as that described
for panel A, except a series of different SRC-3 deletion mutants was used as indicated. The bottom panel shows the N-terminal sequence of SRC-3
for the deletion mutants. (C) Point mutation analysis of the bHLH domain. The procedure was the same as that described for panel A, except a
series of single amino acid point mutants of SRC-3 was used as indicated. The bottom panel shows the sequence position of each point mutant.
(D) The procedure was the same as that described for panel A, except additional single point mutants and a double mutant, the K17A/R18A
mutant, were used. (E) Sequence analysis. The top panel shows a sequence alignment of the mouse, rat, and human SRC-3 (mSRC-3, rSRC-3,
and hSRC-3, respectively) N termini. Underlined putative NLS are labeled N-NLS and C-NLS. The middle panel shows a comparison between
hSRC-1, hSRC-2, and hSRC-3, in addition to SV40 T antigen NLS. The bottom panel shows the bipartite NLS of interleukin-5 (IL-5),
retinoblastoma (RB), and p53.
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cells and were localized in the same manner as in HeLa cells
(data not shown). Therefore, the correlation between SRC-3
stability and subcellular localization was demonstrated by both
immunofluorescence staining and GFP fusion methods.

Next we asked whether there was a further correlation be-
tween SRC-3 stability and its subcellular localization among
single point mutations in the SRC-3 N-NLS. According to the
stability studies described above, the R16A, K17R, and K19A

FIG. 2. Subcellular localization of SRC-3 N-terminal mutants. (A) Immunofluorescence staining of SRC-3 wt and deletion mutants. Plasmids for
FLAG-tagged SRC-3 wt or mutants, as indicated in the legends for Fig. 1A and B, were transfected into (a) HeLa or (b) 293 cells, which were maintained
in a complete-serum medium. Anti-FLAG antibodies were used for detection. DAPI and Hoechst staining showing the nucleus are labeled. (B) GFP
fusions with SRC-3 wt or mutants as indicated above were expressed in HeLa cells cultured in a full-serum medium. Cells were fixed and visualized under
a microscope. (C) The procedure was the same as that described for panel A, except single amino acid point mutants of SRC-3 were used in (a) HeLa
or (b) 293 cells. Each designation indicates the amino acid residue position and the letter for the amino acid, e.g., R16A indicates Arg 16 mutated to Ala.
(D) The procedure was the same as that described for panel A, except a double point mutant of SRC-3 (K17A/R18A mutant) was used. (E) Cell
fractionation of 293 cells stably expressing wt FLAG–SRC-3 (FLAG-SRC3) or its K17A/R18A mutant (FLAG-K17A/R18A). Cytoplasmic (C) or nuclear
(N) fractions of cell lysates were subjected to Western blot analysis using antibodies as indicated. PARP, poly(ADP-ribose) polymerase. (F) Subcellular
localizations of the wt and bHLH deletion mutants of SRC-1 and SRC-2. The FLAG-tagged wt and mutants of each constructs, as indicated, were
transfected into HeLa cells, followed by immunofluorescence staining using anti-FLAG antibodies.
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mutants are unstable mutants with strong responses to MG132,
while the K17A, R18A, and R18K mutants are stable mutants
with no responses to MG132 (Fig. 1C and D). All of these
single mutants were examined for their subcellular localiza-
tions by immunofluorescence staining. As expected, the unsta-
ble point mutants (R16A, K17R, and K19A mutants) were in
the nucleus, whereas the stable point mutants (K17A, R18A,
and R18K mutants) were in the cytoplasm in HeLa cells (Fig.
2C, panel a). Similar results were observed in 293 cells (Fig.
2C, panel b). The double point mutant (K17A/R18A mutant)
showed a strong cytoplasmic localization (Fig. 2C and D).

Moreover, we performed a cell fractionation experiment
using cells expressing either SRC-3 wt or its K17A/R18A mu-
tant. SRC-3 wt protein appeared in the nuclear fraction, while
the K17A/R18A mutant was present in the cytoplasmic frac-
tion (Fig. 2E). �-Tubulin and poly(ADP-ribose) polymerase
were used as the cytoplasmic and nuclear protein markers,
respectively, in the same experiment (Fig. 2E). Again, these
data support the conclusion that K17/R18 is required for the
nuclear localization of SRC-3.

Since the primary sequences of the bHLH region containing

the NLS are conserved among the SRC family (Fig. 1E), we
examined subcellular localization of the wild type and �bHLH
mutants of SRC-1 and SRC-2 by using immunofluorescence
staining. As expected, both wt SRC-1 and wt SRC-2 appeared
in the nucleus whereas the �bHLH mutants were in the cyto-
plasm (Fig. 2F). Therefore, the bHLH sequence is important
for the nuclear localization of the SRC (p160) family.

Proteasome-dependent turnover of SRC-3 occurs in the nu-
cleus. To further assess whether the higher protein levels of the
SRC-3 cytoplasmic mutants were the consequence of their
increased protein stabilities, FLAG-SRC-3 wt and its double
point mutant (K17A/R18A mutant) were expressed in 293
cells, and CHX was added to block new SRC-3 protein syn-
thesis, followed by monitoring the decay of SRC-3 wt and
double mutant proteins after 1, 2, and 4 h. SRC-3 wt (FLAG–
SRC-3) decreased after 2 h, but the double mutant (K17A/
R18A mutant) was almost unchanged (Fig. 3A), indicating that
the cytoplasmic SRC-3 mutant is much more stable than the
wild type. Pulse-chase assays then were performed to measure
degradation rates of SRC-3 wt and its K17A/R18A mutant. As
expected, SRC-3 wt levels decreased so that at 3 h there was

FIG. 3. Two residues, K17 and R18, of SRC-3 essential for its protein turnover rate. (A) FLAG–SRC-3 wt (FLAG-SRC3) or its double mutant
(K17A/R18A mutant), along with �-Gal, was expressed in 293 cells. After treatment with CHX for the indicated times, cells were harvested and
analyzed by Western blotting using antibodies as indicated. PARP, poly(ADP-ribose) polymerase. (B) Pulse-chase analysis of SRC-3 wt and its
K17A/R18A mutant. Inducible 293 cells for overexpressing SRC-3 wt or the K17A/R18A mutant were induced for 2 days, followed by 35S labeling
and chasing for times indicated. 35S-labeled SRC-3 protein was analyzed by IP with anti-FLAG antibodies, followed by (a) SDS-PAGE and (b)
phosphorimager quantitation.
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about 40% remaining; in contrast, the K17A/R18A mutant
showed a slower degradation rate and at 3 h there was about
70% remaining (Fig. 3B). This result was consistent with the
CHX experiment, substantiating that the cytoplasmic mutants
of SRC-3 are indeed more stable.

SRC-3 contains a bipartite NLS. Since sequence analysis
(Fig. 1E) of SRC-3 revealed two putative NLS, we asked
whether the C-NLS in SRC-3 functions in a way similar to
N-NLS. A mutant containing a deletion of the four basic res-
idues in the C-NLS of SRC-3 (SRC3–�C-NLS) was expressed
in 293 cells, followed by treatment with MG132. As shown in
Fig. 4A, SRC3–�C-NLS protein was at a higher level than
SRC-3 wt in the absence of MG132 and did not respond to

MG132 (Fig. 4A). This result was the same as that for deletion
of SRC-3 N19, which encompasses N-NLS (Fig. 1B), indicating
that both NLS in SRC-3 are required for its proteasome-
dependent turnover.

Next, we examined whether the second NLS is functional in
cells. Immunofluorescence staining and fluorescent imaging of
SRC-3–�C-NLS and GFP–SRC-3–�C-NLS, respectively, were
analyzed in both 293 and HeLa cells (Fig. 4B). SRC-3–�C-
NLS was localized in the cytoplasm in these experiments (Fig.
4B). In addition, the four basic residues in C-NLS were mutated
to Ala in the GFP fusion protein [GFP–SRC-3-A4(35–38)], and
this mutant appeared in the cytoplasm as well, substantiating that
C-NLS is required for SRC-3 nuclear localization (Fig. 4B).

FIG. 4. A bipartite NLS in SRC-3 and its functions. (A) 293 cells were transfected with either FLAG-tagged SRC-3 wt (SRC3) or its deletion
of C-NLS (SRC3-�C-NLS), as indicated at the bottom. After treatment with MG132 (�) or DMSO (�), cell extracts were analyzed by Western
blotting. (B) Subcellular localization of SRC-3–�C-NLS. GFP fusion with SRC-3–�C-NLS was analyzed in 293 or HeLa cells (upper images).
FLAG–SRC-3–�C-NLS was analyzed in HeLa cells by immunofluorescence staining (middle images). GFP–SRC-3 with four basic residues from
K35 to R38 mutated to Ala [GFP–SRC-3-A4(35–38)] was also analyzed in 293 and HeLa cells (bottom images). (C) A bipartite NLS in SRC-3.
Short peptides containing SRC-3’s bipartite NLS (NLS), only N-NLS (N-NLS), or only C-NLS (C-NLS) were fused to GFP and expressed in 293
or HeLa cells, followed by GFP detection. The peptide sequences of the constructs are indicated at the bottom. (D) Proteasome-dependent
stability of SRC-3 point mutants in C-NLS and nearby amino acids. Each of the point mutants of FLAG–SRC-3, as indicated, was expressed in
293 cells, followed by treatment with MG132 and Western analysis. A4 indicates the mutant with all basic residues from K35 to R38 replaced with
Ala. (E) Immunofluorescence staining of the point mutants at SRC-3 C-NLS.
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One of the criteria for an NLS sequence is that when the
NLS is fused to another cytoplasmic protein, it is capable of
driving the fusion protein into the nuclear compartment. To
test whether N-NLS and C-NLS are capable of this as well, a
short peptide containing the N-NLS and C-NLS of SRC-3 was
fused to GFP (GFP-NLS), while GFP by itself appears in both the
nucleus and the cytosol (Fig. 4C). The fusion protein, GFP-NLS,
was detected only in the nucleus, while GFP–N-NLS and GFP–
C-NLS, which lack C-NLS and N-NLS sequences, respectively,
were detected in both the nucleus and the cytosol (Fig. 4C). This
confirmed that SRC-3 contains a bona fide bipartite NLS.

In addition, we further studied point mutations in C-NLS
and potential critical residues surrounding C-NLS in terms of
proteasome-dependent turnover and subcellular localization.
Unlike the point mutants in N-NLS (Fig. 1C and D), each of
the single point mutants in C-NLS was unstable and responsive
to MG132 similarly to SRC-3 wt, but mutations of all four basic
residues (A4) resulted in stabilization of this mutant (Fig. 4D).
As expected, similarly to SRC-3 wt, all of these single point
mutants in C-NLS remained in the nucleus (Fig. 4E).

SV40 T antigen NLS rescues the cytoplasmic localized mu-
tant of SRC-3 as well as its proteasome-dependent turnover. If
nuclear or cytoplasmic localization is one of the prime deter-
minants of SRC-3’s proteasome-dependent stability, we rea-
soned that if an SRC-3 cytoplasmic mutant could be driven
back into the nucleus using a heterologous NLS, it should be
able to recover its capacity for turnover. To test this, a well-
known SV40 TNLS was fused to the N terminus of the SRC-3
K17A/R18A mutant (TNLS–SRC-3-K17A/R18A), and the
new fusion protein was expressed in cells. Immunofluorescence
staining revealed that TNLS–SRC-3-K17A/R18A was local-
ized in the nucleus, in contrast to SRC3-K17A/R18A, which
was localized in the cytosol (Fig. 5A). This result was con-
firmed additionally by the GFP detection method. In 293 live
cells cultured in a complete-serum medium, GFP–SRC-3 wt
appeared in the nucleus, GFP–SRC-3-K17A/R18A was
present in the cytoplasm, and GFP–TNLS–SRC-3-K17A/
R18A again was back in the nucleus (data not shown). In HeLa
cells, the same observation was obtained by fixation of the GFP
fusion proteins in cells (Fig. 5B).

We next asked whether TNLS–SRC-3-K17A/R18A recovers
its proteasome-dependent turnover. Since levels of protein sta-
bility can be different for different SRC-3 mutant constructs,
transient transfections were carried out with increasing
amounts of plasmids to express FLAG-tagged SRC-3 wt (SRC-
3), the FLAG-tagged SRC-3-K17A/R18A double mutant
(SRC-3-K17A/R18A), or FLAG-tagged TNLS–SRC-3-K17A/
R18A (TNLS–SRC-3-K17A/R18A) in 293 cells. After treat-
ment with MG132, Western analysis was carried out using an
anti-FLAG antibody. As shown before, SRC-3 wt showed re-
sponsiveness to MG132, but the double mutant did not. In
contrast, TNLS–SRC-3-K17A/R18A recovered its wild-type
responsiveness to MG132, compared to the double mutant
(Fig. 5C). These results substantiate that proteasome-depen-
dent turnover of SRC-3 occurs in the nucleus. Furthermore,
epoxomicin, a highly specific irreversible proteasome inhibitor,
was used to test proteasome-dependent turnover of SRC-3.
Both SRC-3 wt and the TNLS fusion mutant showed similar
responses to both MG132 and epoxomicin, whereas the SRC-3
K17A/R18A mutant was not responsive to either MG132 or

epoxomicin (Fig. 5D). In addition, TNLS–SRC-3-K17A/R18A
protein decay was examined in a CHX treatment experiment.
As shown above, SRC-3-K17A/R18A was stable after treat-
ment with CHX for 4 h, but when it was fused to TNLS, this
mutant decayed dramatically after 2 h (Fig. 5E). Furthermore,
we examined the ubiquitination status of SRC-3 wt and its
K17A/R18A cytoplasmic mutant by transfecting each expres-
sion plasmid and HA-Ub. After immunoprecipitation of
SRC-3 proteins, we observed a strong signal from SRC-3 wt
but very little signal was observed with the cytoplasmic mutant
(Fig. 5F).

SRC-3 cytoplasmic mutants are inactive in transcription
and cell growth. To assess the effects of the SRC-3 cytoplasmic
localized mutants on steroid receptor-mediated transcription,
progesterone receptor (PR), ER, and androgen receptor (AR)
were tested with progesterone-responsive element luciferase
reporter (PRE-luc), estrogen-responsive element luciferase re-
porter (ERE-luc), and mouse mammary tumor virus luciferase
reporter (MMTV-luc), respectively. Transfection of plasmids
for each receptor and its respective reporter was performed in
HeLa cells, in combinations with SRC-3 wt, the SRC-3-K17A/
R18A mutant, TNLS–SRC-3-K17A/R18A, SRC-3 wt and the
K17A/R18A mutant together, the deletion mutant of C-NLS,
or the deletion mutant of bHLH, in the presence or absence of
each hormone, progesterone, E2, or DHT, respectively. The
luciferase activities revealed that SRC-3 wt coactivated recep-
tors in a hormone-dependent manner. In contrast, the K17A/
R18A, �C-NLS, and bHLH mutants were not able to activate
the reporters under any conditions. However, the TNLS-
K17A/R18A mutant regained its coactivation activity (Fig. 6A,
B, and C). Similar results were obtained using the single point
mutants (data not shown). We also have not observed a “dom-
inant negative” effect of the cytoplasmic SRC-3 mutant. This is
likely due to the fact that stable coactivator complex formation
occurs only in the nucleus at promoters following signal-de-
pendent activation.

Finally, we examined the effect of SRC-3 wt and its K17A/
R18A cytoplasmic mutant on cell growth. Using the tetracy-
cline-inducible stable cell lines expressing SRC-3 wt or its
K17A/R18A mutant, we observed a significant increase in cell
growth by SRC-3 wt, but not by the K17A/R18A mutant, after
2 days of induction (Fig. 6D). A similar result was obtained
when using the breast cancer cell line T47D (Fig. 6E). In
addition, the cell cycle was examined in T47D cells and showed
an increase of cells in S/G2/M phases for the wild type but
virtually no change for the mutant (Fig. 6F). We also moni-
tored recruitment of ER, SRC-3 wt, and its mutant to an ER
target gene. As expected, ER and SRC-3 wt were recruited
onto the promoter but the cytoplasmic mutant was not (Fig.
6G). These results clearly indicate that cytoplasmic localized
mutants of SRC-3 are not biologically active in inducing cell
growth or inducing target gene expression.

DISCUSSION

It has been reported previously that posttranscriptional
mechanisms play an important role in regulation of the steady-
state levels of SRC-3 protein (31, 35, 36, 69). Treatment with
MG132, a proteasome inhibitor, resulted in elevation of the
level of the SRC/p160 family proteins, indicating that a pro-
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teasome-dependent degradation of SRC protein occurs in cells
(35, 36). In this study, we observed the same effect of MG132
on SRC-3 by using multiple cell lines. Experiments with an-
other highly specific proteasome inhibitor, epoxomicin, a nat-
ural product inhibitor with higher proteasome specificity than
MG132, also supported that SRC-3 protein turnover is indeed
proteasome dependent. It is known that the ubiquitin and
proteasome pathways in mammalian cells are usually coupled
to regulate target protein degradation (16, 58). It was reported

that degradation of SRC-3 protein is impaired in the temper-
ature-sensitive UBA-defective ts85 cell line, indicating that the
ubiquitin-activating enzyme (UBA) is necessary for normal
SRC-3 degradation (35). Moreover, ubiquitination of other
coactivators as well as SRC-3 has been reported previously (42,
67). Therefore, it is likely that the proteasome-mediated turn-
over of SRC-3, at least in part, follows the ubiquitination of
SRC-3. In addition, however, it has been reported recently that
ubiquitin-independent degradation of SRC-3 by proteasomes

FIG. 5. Rescue of SRC-3 cytoplasmic mutant by SV40 TNLS and recovery of its proteasome-dependent turnover. (A) SV40 TNLS fusion with
FLAG–SRC-3-K17A/R18A was analyzed in HeLa cells by immunofluorescence staining. At bottom, sequences of the SRC-3 cytoplasmic mutant
and TNLS are shown. (B) GFP fusions with SRC-3 wt, the K17A/R18A mutant, or TNLS–SRC-3-K17A/R18A were detected in HeLa cells. (C) 293
cells were transfected with increasing amounts (as indicated at the top) of plasmids for FLAG-tagged SRC-3 wt (SRC3), SRC-3-K17A/R18A, or
TNLS–SRC-3-K17A/R18A. After treatment of MG132, cell extracts were analyzed by Western blotting. (D) Epoxomicin, a highly specific
proteasome inhibitor, was used to treat cells expressing FLAG-tagged SRC-3 wt, the K17A/R18A mutant, or the TNLS-K17A/R18A mutant,
followed by Western analysis. (E) CHX was used to treat cells expressing FLAG-tagged SRC-3-K17A/R18A (K17A/R18A) or TNLS–SRC-3-
K17A/R18A (TNLS-K17A/R18A) mutants for the indicated times, followed by Western analysis. (F) FLAG-tagged SRC-3 wt or its K17A/R18A
mutant was transfected along with HA-Ub into 293 cells, followed by IP with FLAG antibody and Western blotting (WB) with HA antibody.
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also occurs and contributes to maintenance of appropriate
levels of this oncogene (31).

Using SRC-3 mutants, we discovered that some were much
more stable in cells and did not respond to MG132 treatment.
We eventually identified two amino acid residues, K17 and
R18, that are essential for responsiveness to MG132. These
two residues are in the bHLH domain and are highly conserved
in the SRC family, suggesting that similar determinants in
SRC-1 and SRC-2 proteins may exist. Moreover, we identified
the essential bipartite NLS sequences in the bHLH domain of
SRC-3. There was a precise correlation between SRC-3 stabil-
ity and its subcellular localization: it is stable in the cytoplasm
and unstable in the nucleus. Using an SV40 T antigen NLS
fusion protein, we further demonstrated that SRC-3 turnover
by proteasomes occurs in the nucleus. In addition, using GFP
fusion to SRC-3 NLS peptides in cells treated with MG132, we
did not detect GFP–SRC-3–NLS responsiveness to MG132,
while GFP–SRC-3 behaved in the same way as FLAG–SRC-3 by
Western analysis (data not shown). This result suggests that the
proteasome-dependent turnover factors and the nuclear localiza-
tion factors for SRC-3 are not identical. We also examined the

subcellular localization of GFP–SRC-3 in the presence or absence
of MG132. Under the both conditions, SRC-3 protein remained
in the nucleus (data not shown). Although the SRC-3 cytoplasmic
mutant showed no response to MG132, our result does not pre-
clude some proteasome-independent degradation in the cyto-
plasm. Indeed, our pulse-chase experiment showed that there was
a much slower degradation of the SRC-3 K17A/R18A cytoplas-
mic mutant than of SRC-3 wt (Fig. 3B).

It has been reported that proteasomes are localized in both
the nucleus and the cytosol in eukaryotic cells, while in Schizo-
saccharomyces pombe the majority of proteasomes are nuclear
and/or may accumulate at the inner nuclear envelope and the
endoplasmic reticulum (12, 64). Many of the enzymatic com-
ponents of the ubiquitin system, such as E1, have nuclear
localization signals (19, 38) and have been identified in the
nucleus (51). It has been reported previously that intracellular
proteins can be degraded either in the nucleus and/or in the
cytoplasm (16). Some examples of nuclear degraded transcrip-
tion factors are dioxin receptor (49), MyoD (13), Gcn4p (46),
POU4F3 (63), and Msn2 (11). Although we have demon-
strated that proteasome-dependent turnover of SRC-3 occurs

FIG. 6. Effects of SRC-3 mutants on receptor-dependent luciferase reporters and cancer cell growth. (A) Luciferase assays using PRE-luc.
HeLa cells were transfected with PR and PRE-luc either alone or together with SRC-3 wt (�SRC3), its K17A/R18A mutant (�K17R18A), the
TNLS fusion with this mutant (�TNLS), combined SRC-3 and K17R18A (�SRC3�K17R18A), deletion of C-NLS (�delta-C-NLS), or deletion
of bHLH (�delta-bHLH), followed by treatment with (�Prog) or without (�Prog) progesterone and analyses of relative luciferase activities
(RLU) normalized to expressed protein levels. (B) The procedure was the same as that described for panel A, except that ER, ERE-luc, and
hormone estrogen (E2) were used. (C) The procedure was the same as that described for panel A, except that AR, MMTV-luc, and hormone DHT
were used. (D) Effect of SRC-3 wt and its K17A/R18A mutant on 293 cell growth. Equal numbers of 293 host cells (Control) and tetracycline-
inducible 293 cells expressing SRC-3 wt (SRC-3) or its K17A/R18A mutant (K17A/R18A) were seeded into 96-well plates. One day after induction
with tetracycline, cell proliferation was determined as described in Materials and Methods. OD490, optical density at 490 nm. (E) T47D breast
cancer cells overexpressing SRC-3 wt or its cytoplasmic mutant (see Materials and Methods) were examined for cell growth using the method
described for panel D. (F) Cell cycle analysis of cells described for panel E. Increases in percentage of cells in S/G2/M phases were analyzed for
SRC-3 wt or its mutant (see Materials and Methods). (G) ChIP analysis of cells described for panel E. Recruitments of ER, SRC-3 wt, or its
cytoplasmic mutant on the pS2 promoter were examined.
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in the nucleus, it is unclear precisely where its turnover occurs
in the nuclear subcompartments. For example, it is known that
proteasome functions are required for efficient continued ste-
roid receptor regulation of transcription (36, 45). A key ques-
tion is whether this proteasome-dependent turnover is tightly
coupled to the promoter-bound complexes or whether it is a
downstream nuclear event that follows activation of transcrip-
tion. The destruction of SRC-3 in the nucleus may serve as a
part of a use-and-destroy strategy to limit the overall action of
coactivators in gene expression. Additional SRC-3 molecules
residing in an inactive state would thus be preserved for later
activation and transcriptional use.

Given that there are proteasomes in the cytoplasm (16, 58),
it remains largely unknown why SRC-3 is not degraded effec-
tively in that compartment. It is accepted that proteasomes are
heterogeneous in cells. Also, an additional interacting factor(s)
required for SRC-3 to be accessible to and be degraded by the
ubiquitin/proteasome pathway may not be present in the cyto-
plasm; alternatively, a negative inhibitory factor(s) could bind
to SRC-3 in the cytoplasm and block proteasome-dependent
degradation. Using transient transfection of exogenous HA-
Ub, we observed a significant reduction in the amount of ubiq-
uitinated SRC-3 for the cytoplasmic mutant relative to that for
its wild type (Fig. 5F), suggesting that diminished cytoplasmic
SRC-3 ubiquitination may account in part for stabilization of
the SRC-3 cytoplasmic mutants. Finally, ubiquitin-indepen-
dent proteasomal degradation of SRC-3 also is a contributor to
its nuclear turnover (31).

Available data on subcellular localization of the SRC family
proteins are contradictory (1, 8, 25, 47, 53, 62, 65, 74). These
variations may be attributed to different cell culture conditions
(i.e., serum or serum-free), cell differentiation state, and dif-
ferent detection methods. In this study and under full-serum
culture conditions, SRC-3 wt is localized in the nucleus, which
is the consensus result among all other reports.

Degradation of a number of transcription factors has been
shown to be physiologically regulated. Protein transport into
the nucleus also is regulated in numerous cases. Phosphoryla-
tion is a well-known modification that can either enhance or
inhibit target protein stability as well as protein import or
export via regulating the function of NLS (22). A well-docu-
mented example is the protein kinase A phosphorylation of
c-rel, an oncoprotein transcription factor, thereby enhancing
c-rel NLS function (40). SRC-3 protein is a target for phos-
phorylation in the cytoplasm by various kinases in complexes
containing estrogen receptor (66, 72). To date, we have not
been able to determine the role that phosphorylation plays in
the regulation of the bipartite NLS of SRC-3.

As might be expected, we demonstrated that SRC-3 cyto-
plasmic point mutants lose their coactivation capacity for ER-,
AR-, and PR-mediated transcription. Rescue of the K17A/
R18A cytoplasmic mutant using the SV40 T antigen NLS al-
lows recovery of coactivation potential (Fig. 6). Since the re-
ceptor interaction and transactivation domains of SRC-3
remain intact when the bipartite NLS is mutated, it is likely
that the NLS mutants of SRC-3 would still function under
cell-free conditions. By use of cell-free chromatin transcription
assays, an N-terminally deleted form of SRC-1, which lacks the
bHLH domain, exhibited a coactivation of PR-dependent tran-
scription comparable to that of wild-type SRC-1 (34).

The larger N-terminal bHLH-PAS domain has previously
been reported to be essential for CoCoA interaction and co-
activation of NR (26), as well as dimerization between SRC
proteins and differential regulation of target genes (71). There-
fore, the N-terminal region of SRC-3 appears to have multiple
functions. Nevertheless, other studies produced mixed results
as to whether the bHLH-PAS domain was necessary for SRC
coactivator function (3, 7, 48). Certain discrepancies may occur
due to use of transient transfection and luciferase reporter
assays as the experimental design does not account for ex-
pressed protein levels. As we showed above (Fig. 5C), the
cytoplasmic mutant of SRC-3 is stable and expressed at levels
dramatically increased relative to wt levels when transfecting
comparable amounts of plasmid DNA.

SRC-3/AIB1 is an oncogene (56). Recent findings demon-
strate that regulation of SRC-3 by proteasomes is an important
aspect of steroid receptor signaling. In this report, we identi-
fied a specific intrinsic determinant in the bHLH domain that
is essential for subcellular localization and proteasome-depen-
dent stability of SRC-3 in the nucleus. This signal represents
another piece of the puzzle by which the function of this potent
oncogene is subject to temporal and spatial regulation and
cellular trafficking.
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ADDENDUM

While this paper was under review, Yeung et al. (68) pub-
lished a paper on SRC-3’s bipartite NLS with a conclusion
similar to that reported here.
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