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The transcriptional coactivator p/CIP is a member of a family of nuclear receptor coactivator/steroid
receptor coactivator (NCoA/SRC) proteins that mediate the transcriptional activities of nuclear hormone
receptors. We have found that p/CIP is predominantly cytoplasmic in a large proportion of cells in various
tissues of the developing mouse and in a number of established cell lines. In mouse embryonic fibroblasts,
serum deprivation results in the redistribution of p/CIP to the cytoplasmic compartment and stimulation with
growth factors or tumor-promoting phorbol esters promotes p/CIP shuttling into the nucleus. Cytoplasmic
accumulation of p/CIP is also cell cycle dependent, occurring predominantly during the S and late M phases.
Leptomycin B (LMB) treatment results in a marked nuclear accumulation, suggesting that p/CIP undergoes
dynamic nuclear export as well as import. We have identified a strong nuclear import signal in the N terminus
of p/CIP and two leucine-rich motifs in the C terminus that resemble CRM-1-dependent nuclear export
sequences. When fused to green fluorescent protein, the nuclear export sequence region is cytoplasmic and is
retained in the nucleus in an LMB-dependent manner. Disruption of the leucine-rich motifs prevents cyto-
plasmic accumulation. Furthermore, we demonstrate that cytoplasmic p/CIP associates with tubulin and that
an intact microtubule network is required for intracellular shuttling of p/CIP. Immunoaffinity purification of
p/CIP from nuclear and cytosolic extracts revealed that only nuclear p/CIP complexes possess histone acetyl-
transferase activity. Collectively, these results suggest that cellular compartmentalization of NCoA/SRC pro-
teins could potentially regulate nuclear hormone receptor-mediated events as well as integrating signals in
response to different environmental cues.

Nuclear receptors (NRs) are a superfamily of structurally
related proteins that function as ligand-regulated transcription
factors. Members of this family include receptors for estrogen,
glucocorticoids, nonsteroidal ligands such as thyroid hormone,
and retinoic acid, as well as receptors that bind by-products of
lipid metabolism such as fatty acids and prostaglandins. These
receptors control a complex array of genes involved in many
biological functions including cell proliferation and differenti-
ation, metabolism and growth, morphogenesis, programmed
cell death, and homeostasis. In the absence of hormone, some
NRs such as the thyroid hormone receptor and retinoic acid
receptor function as transcriptional repressors by interacting
with corepressor proteins. Hormone binding results in a con-
formational change in the receptor that results in the release of
corepressor proteins and in the recruitment of coactivator pro-
teins (17).

The nuclear receptor coactivator/steroid receptor coactiva-
tor (NCoA/SRC) proteins were among the first coactivators to
be identified. This family includes steroid receptor coactivator
1 (SRC-1) (51) also designated nuclear receptor coactivator 1
(NCoA-1) (28); GRIP1 (25), also known as TIF2/NCoA-2 (65,
69), and the mouse p300/CBP-interacting protein (p/CIP) (65),
which has been identified in humans as AIB1/ACTR/RAC3/

SRC-3/TRAM-1 (2, 6, 38, 63, 64). Biochemical and functional
studies have provided strong evidence to support the hypoth-
esis that SRC proteins mediate the transcriptional effects of
NRs. All SRC family members interact directly with NRs in a
ligand- and AF-2-dependent manner (6, 35, 37, 45, 50, 65).
This interaction is mediated by three leucine-rich motifs (re-
ferred to as LXXLL motifs or NR boxes) found within the NR
interaction domain of the SRC proteins (23, 44, 65). Crystal-
lographic studies have established that the LXXLL motif
forms a short �-helix that makes direct contact with amino
acids found in the AF-2 domain of all ligand-bound NRs (48,
72). Overexpression of individual SRC proteins can enhance
the transcriptional activities of several NRs in response to their
respective ligand in vivo and in vitro (2, 6, 51, 63). Single-cell
microinjection of antibodies against specific SRC proteins
blocks ligand-dependent stimulation of reporter genes contain-
ing NR response elements, suggesting that they are essential
for some NR signaling events (65). It has also been shown that
SRC proteins may function as coactivators for other classes of
transcription factors such as AP-1 and NF-�B (48, 59, 65, 68).
Chromatin immunoprecipitation assays have demonstrated
that members of this class of coactivators are recruited to
several endogenous NR target genes, such as cathepsin D and
p21, in response to hormone (7, 58). More recently, in vitro
transcription experiments using chromatinized templates have
demonstrated that SRC proteins, in association with CBP/
p300, enhance NR-mediated transcriptional initiation (31, 40).

The SRC proteins mediate their transcriptional effects pri-
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marily by functioning as bridging factors which, on binding to
NRs, recruit other coactivator proteins important for regulat-
ing transcriptional events. Many of these interacting proteins
possess enzymatic activity and include acetyltransferases such
as p/CAF (33), GCN5 (1), and CBP/p300 (28), as well as
CARM1 and PRMT1, which possess methyltransferase activity
(5, 32). SRC proteins can also associate with several other
coactivators whose mechanism is not entirely clear, such as the
steroid receptor RNA coactivator (35) and ASC-I (30).

It has also been demonstrated that some members of the
SRC family possess intrinsic histone acetyltransferase (HAT)
activity, which is mediated by their respective carboxy termini
(6, 61). This suggests that SRC proteins mediate their tran-
scriptional response in part by directly acetylating histones or
possibly other proteins. A large body of evidence has sup-
ported the proposal that reversible acetylation of core histones
changes the nucleosomal conformation, which renders DNA
more accessible to binding of the transcriptional machinery,
thereby facilitating a transcriptional response (9, 36).

Although recruitment of coactivator proteins represents a
major mechanism through which NRs mediate their effects, it
has become increasingly clear that additional layers of com-
plexity exist which can regulate transcriptional activity. For
example, activation of phosphorylation pathways in response
to intra- or extracellular signals can serve as an important
mechanism. It has been shown that the AF-1 domain of some
NRs can be phosphorylated by mitogen-activated protein ki-
nase in response to various growth factors (20, 67). This phos-
phorylation may serve to target the SRC proteins to NRs
independently of the hormone. Furthermore, all of the SRC
proteins can be phosphorylated by several distinct protein ki-
nases in vivo and in vitro, resulting in a concomitant change in
activity (15, 41, 56).

Intracellular shuttling, in response to specific signals, consti-
tutes another mechanism for regulating transcriptional activity.
There are numerous examples of transcription factors whose
activity is critically regulated by regulated nuclear import and
export. For example, in unstimulated cells the glucocorticoid
receptor (GR) is part of a multiprotein complex consisting
mainly of heat shock proteins (55). The binding of GR to its
ligand causes it to dissociate from the complex, allowing it to
enter the nucleus and facilitate gene expression (19). The tran-
scription factor NF-�B is maintained in an inactive form asso-
ciated with I�B� in the cytoplasm (62). Following cellular
activation, I�B is rapidly phosphorylated by a multisubunit
kinase complex and is then degraded. In turn, the nuclear
localization signal (NLS) on NF-�B is unmasked, allowing it to
translocate to the nuclear compartment. More recently, it has
been shown that the class II histone deacetylases (HDACs)
shuttle into and out of the nuclei of skeletal muscle cells in
response to differentiation signals (29, 46, 71).

Although small proteins can exit and enter the cell by passive
diffusion, cells have evolved energy-dependent transport mech-
anisms which shuttle proteins between the cytoplasm and the
nucleus (26). This shuttling is mediated primarily by members
of the importin family of Ran GTP-binding proteins which
recognize specific NLSs (18). Thus, the steady-state localiza-
tion of a protein is determined by the relative rates of import
and export, both of which can be targeted for regulation in
response to intra- or extracellular stimuli. In addition, this type

of mechanism may allow the coordination of events occuring in
the cytoplasm and in the nucleus.

In the present study, we have examined the subcellular dis-
tribution of endogenous p/CIP in mouse tissue, and in various
cell types. We have found that p/CIP expression is compart-
mentalized and exhibits a strong cytoplasmic component in
addition to its nuclear localization. In untransformed mouse
embryonic fibroblasts (MEFs), p/CIP undergoes a redistribu-
tion, in response to serum withdrawal, from a predominantly
nuclear to a cytoplasmic localization. On exposure of serum-
starved cells to epidermal growth factor (EGF), insulin, or
phorbol esters, p/CIP redistributes back to the nucleus. Our
results suggest that p/CIP redistribution is controlled by several
novel mechanisms which may serve to control p/CIP levels in
the nucleus and possibly integrate specific signals coming from
the cell surface.

MATERIALS AND METHODS

Plasmids. The cDNAs encoding full-length p/CIP, p/CIP (amino acids [aa]
1–1085), and p/CIP(aa 1–636) were generated by restriction digestion from
plasmid PCMXp/CIP (65), and the corresponding fragments were subcloned into
pEGFPC1 (Clontech). The cDNA fragments corresponding to p/CIP (aa 1–214)
and p/CIP (aa 1–150) were amplified by PCR and subcloned into pEGFPC2.
Plasmid pHM829 p/CIP (aa 1 to 34) was generated by PCR amplifying the region
of p/CIP corresponding to p/CIP (aa 1–34) and subcloning into pHM829 (60),
which allows the simultaneous expression of cDNAs fused to both lacZ and the
green fluorescent protein DNA (GFP).Site-directed mutagenesis was performed
using the Quickchange kit (Stratagene) as specified by the manufacturer.

Western blotting and antibody production. Subcellular fractions of cells were
prepared by standard methods (13). Western blotting was performed as de-
scribed previously (65). Normally, 20 �g of protein was fractionated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to
nitrocellulose, and specific proteins were analyzed by Western blotting. Proteins
were detected using enhanced chemiluminescence as recommended by the man-
ufacturer (Amersham). The p/CIP rabbit polyclonal antiserum was raised against
a His-tagged recombinant p/CIP (aa 591–803) protein. No significant cross-
reactivity was observed when it was tested against homologous regions found in
other SRC family members. The GRIP1 rabbit polyclonal antisera was raised
against a recombinant His-tagged GRIP1 protein (aa 787–1100). Antibodies
were purified by protein A-Sepharose chromatography by standard methods
(22). For protein purification experiments, the immunoglobulin G (IgG)-purified
antibodies were fractionated by affinity chromatography involving the corre-
sponding His-tagged recombinant protein cross-linked to Sepharose 4B (Phar-
macia). The �-tubulin monoclonal antibody (clone B-512) was obtained from
Sigma.

Preparation of mouse embryos and cell culture maintenance. Embryos were
removed at 14.5 days postcoitum (dpc). The head, blood, and liver were removed
after tryptic digestion (0.1% trypsin in EDTA) for 30 min at 37°C. MEFs were
maintained in high-glucose Dulbecco modified Eagle medium (DMEM) con-
taining 10% fetal bovine serum (FBS). The cells were used for experiments after
approximately 10 passages.

HeLa, MDA-435, and NIH 3T3 cells were maintained in DMEM with high
glucose supplemented with 10% (vol/vol) FBS. MCF7 cells were grown in Opti-
MEM containing 5% FBS. BC3H-1 cells were maintained in DMEM containing
20% FBS. For the myogenic differentiation of BC3H-1 cells, normal growth
medium was replaced with DMEM containing 2% horse serum for 4 days prior
to immunostaining and detection with 3-amino-9-ethylcarbazole (AEC) as de-
scribed below.

Immunohistochemistry on mouse tissues. Ovaries and uterina tissues were
obtained from mice that were euthanized by cervical dislocation. After incuba-
tion overnight in 4% paraformaldehyde, the tissues were subjected to alcohol
dehydration and embedding in paraffin, followed by sectioning and mounting.
Endogenous peroxidase activity was quenched by treatment with 3% H2O2–
methanol for 10 min. Nonspecific binding was blocked with 1:300 dilution of
normal goat serum for 30 min. Rabbit anti-p/CIP IgG antibody was diluted
(1:300) in phosphate-buffered saline (PBS) containing 3% bovine serum albu-
min, added to the sections, and incubated for 15 h at room temperature in a
humidified chamber. After the mixture was washed, goat anti-rabbit IgG anti-
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body conjugated with horseradish peroxidase (1:300) was added for 30 min at
room temperature. The slides were washed with three changes of PBS for 5 min
and dipped once in H2O after the addition of the chromagen AEC or NovaRED
as specified by the manufacturer (Vector). The slides were then counterstained
with Mayer’s hematoxylin (Sigma) for 5 min. All images were acquired using an
Olympus Provis AX70A microscope equipped with Sensicam and analyzed using
Image Pro Plus 4.0.

Immunohistochemical and immunofluorescence analysis of cell lines. Cells
were grown to approximately 80% confluence before being washed with PBS,
trypsinized, and plated onto glass slides at a cellular density of 106 cells/ml. The
cells were allowed to adhere to the slides for approximately 18 h and then washed
with cold PBS and fixed at 4°C in 4% paraformaldehyde–PBS for 10 min. This
was immediately followed by a 5-min incubation in PBS containing 0.1% Triton
X-100. Nonspecific binding was blocked with a 1:300 dilution of normal goat
serum in PBS for 30 min. Rabbit anti-p/CIP IgG (1:400) and/or mouse anti-
�-tubulin (Sigma) (1:500) antibody was diluted in PBS–3% bovine serum albu-
min before being applied to the slides, which were then incubated overnight at
4°C in a humidified chamber. For immunohistochemical detection of p/CIP, goat
anti-rabbit antibody conjugated to horseradish peroxidase (Bio-Rad) was incu-
bated for 1 h at room temperature before being washed with PBS, and then the
chromagen (NovaRED) was added as specified by the manufacturer. For coim-
munofluorescence detection, slides were incubated for 1 h at room temperature
with anti-mouse IgG conjugated to rhodamine (1:500 dilution) and anti-rabbit
IgG conjugated to fluorescein (1:500 dilution) (Santa Cruz). After several washes
in PBS, the slides were mounted in aqueous mounting medium for viewing.

For the redistribution experiments, MEFs were serum starved according to
previously published methods (42, 66). Briefly, the cells were allowed to adhere
to slides overnight and then incubated in DMEM–0.5% FBS serum for approx-
imately 72 h prior to stimulation with 100 nM EGF, insulin, or phorbol myristate
acetate (PMA) for a maximum of 4 h. For some experiments, the cells were
pretreated with 10�M cyclohexamide or 1 �M colchicine prior to the addition of
various stimuli. They were then washed twice with ice-cold PBS, fixed in para-
formaldehyde, and stained for p/CIP, as described above.

For the nuclear export inhibition assay, HeLa cells were seeded onto slides
overnight in growth medium containing 10% FBS. Individual slides were then
incubated for 30 min to 4 h in duplicate, with or without 50 nM leptomycin B.

Cell cycle synchronization studies. HeLa cells were plated onto slides and
allowed to adhere for approximately 18 h in DMEM–10% FBS prior to the
addition of 2.5 mM thymidine. After a 36-h incubation period, the cells were
washed twice with PBS and changed to fresh culture medium to release the cells
from S-phase arrest. To determine the proportion of cells present in a particular
cell cycle phase, the cells were analyzed by flow cytometry at 30-min intervals.
The cells were washed in PBS, harvested, centrifuged for 5 min at 200 � g and
resuspended in 1 ml of chilled PBS. A small aliquot of cells was taken for trypan
blue exclusion and counting to determine cell viability and number. The cell
suspension was added dropwise to 4.5 ml of chilled 70% ethanol while vortexing,
left in the ethanol solution overnight, centrifuged, washed once in PBS, and
resuspended in propidium iodide staining solution (0.1% Triton X-100, 20 mg of
RNase A, and 2 mg of PI in 100 ml of PBS). After a 30-min incubation at room
temperature, the DNA content was analyzed using a Beckman Coulter flow
cytometer. Duplicate slides were processed concurrently by washing twice with
PBS and fixing for 5 min in 4% paraformaldehyde. They were then incubated
with anti-p/CIP antibody and processed for immunohistochemical analysis, as
described above.

Green fluorescence microscopy of living cells. NIH 3T3 and HeLa cells were
plated into six-well plates and transfected with plasmids expressing GFP fusion
proteins using Effectene transfection reagent (Qiagen). At 16 h posttransfection,
living cells were washed once with PBS and resuspended in DMEM. Expression
of the GFP fusions was analyzed using an Olympus Provis AX70A inverted
microscope equipped with Sensicam. Images were captured and and analyzed
using Image Pro Plus 4.0. For some experiments, transfected cells were treated
with 50 nM LMB for 4 h prior to analysis.

Purification of p/CIP. Cytoplasmic and nuclear extracts were prepared by
standard methods (13). The cytosol was dialyzed against buffer A (20 mM Tris
[pH 7.9], 0.5 mM EDTA, 0.5 mM EGTA, 10% glycerol, 0.5 mM dithiothreitol,
0.2 mM phenylmethylsulfonyl fluoride, 5 �g each of leupeptin, aprotinin, and
pepstatin per ml) containing 20 mM KCl and was used as starting material. This
was loaded onto a DE52 anion-exchange column, and the column was eluted in
a stepwise fashion with buffer A containing 0.15 M, 0.3 M, and 0.5 M KCl. The
majority of cytosolic p/CIP was found in the 0.15 M KCl fraction. This fraction
was concentrated using a Millipore concentrator and then passed through a
Sephadex 200 column. All fractions were analyzed by Western blotting using

anti-p/CIP antibody (1:3,000 dilution), and the p/CIP-containing fractions were
pooled prior to affinity purification.

To purify the nuclear p/CIP, the nuclear extract was dialyzed against buffer A
containing 100 mM KCl and loaded onto a P11 phosphocellulose column pre-
equilibrated in the same buffer. The flowthrough was collected, and the column
was washed sequentially with buffer A containing increasing concentrations of
KCl. The 0.1 M fraction containing p/CIP was precipitated with 20 to 60%
ammonium sulfate, and the precipitated proteins were resuspended in 4 ml of
buffer A containing 100 mM KCl. This was then dialyzed against the same buffer
to remove residual ammonium sulfate before being applied to a Sephacryl S300
column. The column was then washed with buffer A at a flow rate of 0.4 ml/min.
Fractions were collected, pooled, and analyzed for p/CIP by Western blotting.
The p/CIP-containing fractions were pooled and dialyzed against buffer A con-
taining 100 mM KCl.

For immunoaffinity purification of p/CIP, affinity-purified p/CIP antibody was
cross-linked to protein A-Sepharose by using dimethylpalmilidate by standard
procedures (22). Fractions from the gel filtration step were pooled and pre-
cleared by being passed through a control affinity column containing anti-rabbit
IgG. The eluant was then loaded onto the anti-p/CIP affinity column at a flow
rate of 0.2 to 0.5 ml/min. The flowthrough was collected and reloaded on the
column five times prior to elution of the bound proteins with 100 mM glycine
(pH 2.8). For mock purification experiments, samples from the gel filtration step
were loaded onto protein A-Sepharose cross-linked to an irrelevant antibody.

Measurement of histone acetyltransferase activity. The HAT activity was
measured using a previously described method (4). Typically, approximately 50
�g of protein from the pooled gel filtration fractions containing p/CIP was
suspended in 250 �l of IPH buffer (50 mM Tris-HCl [pH 8.0], 300 mM NaCl, 5
mM EDTA, 0.1% NP-40, 0.1 mM phenylmethylsulfonyl fluoride, 5 �g each of
aprotinin, leupeptin, and pepstatin per ml) and incubated with 50 �l (50%
[vol/vol] slurry) of anti-p/CIP affinity resin for 1 h at 4°C. The immuncomplexes
were pelleted by gentle centrifugation and washed three times with 1 ml of IPH
buffer. After the final wash, the buffer was aspirated down to 30 �l, 25 �g of total
histones or BSA was added, the reaction was initiated by the addition of 1 �l of
[3H]acetyl coenzyme A (acetyl-CoA) (1.85 mBq, 7.7 Ci/mmol; Amersham), and
the mixture was incubated at 30°C for 30 min. The reaction products were
spotted onto P-81 phosphocellulose paper disks, which were soaked in 50 mM
NaHCO3 buffer (pH 9.2). The disks was washed several times with acetone:
methanol:chloroform (1:1:1, vol/vol/vol) and dried. The incorporation of acetyl-
CoA was determined by liquid scintillation counting.

RESULTS

p/CIP is found in the cytoplasm and in the nucleus. To
characterize the subcellular distribution of p/CIP, we used a
polyclonal antibody generated against a recombinant p/CIP
protein. This antibody recognizes both the human and mouse
forms of p/CIP, as determined by Western blotting and immu-
nohistochemistry. Surprisingly, immunohistochemical analysis
for p/CIP revealed a significant cytoplasmic component in
many tissues of the developing mouse including the pancreas,
lungs, and muscle and within the reproductive organs (data not
shown and Fig. 1). A representative section of the female
reproductive organs obtained from 6-week-old mice highlights
the heterogenous distribution of endogenous p/CIP in vivo
(Fig. 1). Examination of ovaries and uteri taken from adult
virgin and pregnant mice revealed nucleocytoplasmic staining
for p/CIP in a variety of different cell types. In the ovaries,
intense nuclear staining was observed in the granulosa cells of
the follicle surrounding the oocyte (Fig. 1A and B). In contrast,
the surrounding thecal cells displayed mainly cytoplasmic
staining for p/CIP. During the follicular stage of the ovarian
cycle, granulosa cells respond to gonadotropins secreted by the
anterior pituitary, which is essential for the proliferation and
maturation of the follicle. This hormonal surge ultimately leads
to the release of the oocyte during ovulation. Ovulation marks
the beginning of the luteal stage, in which the newly formed
corpus luteum secretes a large amount of progesterone and
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estradiol. Within the highly vascularized corpora lutea, which
is composed mainly of terminally differentiated thecal and
granulosa cells, p/CIP staining was predominantly cytoplasmic,
although some sporadic nuclear staining was observed. In con-
trast, the cuboidal cells, which envelop the entire ovary,
showed little, if any, staining for p/CIP.

In the uteri isolated from virgin female mice, intense p/CIP
staining was observed in both the cytoplasmic and nuclear
compartments of the uterine secretory epithelium (Fig. 1C).
Cytoplasmic immunoreactivity was observed in the cells of the
enveloping smooth muscle myometrium. The uteri isolated
from 7.5 d.p.c. mice demonstrated little to no staining within
differentiated (mature) nonproliferating decidua (Fig. 1D).

However, increased cytoplasmic immunoreactivity was ob-
served in the more proliferative decidua until it became in-
tensely nuclear in the highly proliferative cells bordering the
uteri (Fig. 1D). Overall, this type of compartmentalization was
not restricted to the reproductive organs and was observed in
many mouse tissues at various stages of differentiation and/or
proliferation (data not shown) and suggests that the localiza-
tion of p/CIP may be developmentally regulated.

To investigate further the relationship between differentia-
tion and p/CIP localization, we examined the localization of
p/CIP during differentiation of the BC3H-1 nonfusing myocytic
cell line (Fig. 2A). In proliferating undifferentiated BC3H-1
myoblasts, p/CIP was found predominantly in the nuclear com-

FIG. 1. Immunohistological analysis of p/CIP expression in mouse female reproductive organs. (A and B) Low magnification (A) and high
magnification (B) of the same section of an ovary taken from a 6-week-old mouse. Predominantly nuclear staining was observed within the
granulosa cells (Gc) of the tertiary follicle, and diffuse p/CIP staining was also observed within the cytoplasm. In the surrounding theca interna (Ti)
and corpora lutea (Cl), mainly cytoplasmic staining was observed. The cubiodal cells (Cb) enveloping the entire ovary also displayed diffuse
cytoplasmic staining. (C) Cross section of a uterine horn taken from an adult virgin mouse. Intense nuclear and cytoplasmic staining can be
observed within the uterina epithelial cells (Ep), whereas in the surrounding stroma (St) and smooth muscle myometrium (Mm), cytoplasmic
staining predominates. (D) Sagittal section of a uterus taken 7.5 d.p.c. Mature nonproliferating decidua (Md), close to the embryo proper,
demonstrates little to no staining for p/CIP. Decidual cells in between the myometrium and the embryo show mainly diffuse cytoplasmic staining
for p/CIP. In contrast, the outer layer of highly proliferative deciduas (Pd) demonstrates intense nuclear staining. Each of these tissues were
isolated from approximately the same age and strain of mice. Control experiments were performed using nonimmune IgG or p/CIP IgG pre-
incubated with antigen. In both cases, no staining was observed (data not shown). Oo, oocyte; Bl, blood; Am, antimesometrium; Ms, mesometrium.
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partment. However, when BC3H-1 cells were grown in differ-
entiation medium, p/CIP became localized in the cytoplasm,
although some residual nuclear staining was evident. These
results suggest that cytoplasmic localization of p/CIP may be
coupled to the muscle differentiation program.

We also examined the subcellular localization of endoge-
nous p/CIP in a number of different cell lines that included
HeLa cells, the MCF-7 and MDA-435 breast cancer cell lines,
and MEFs isolated from 13-dpc embryos (Fig. 2B). All of the
cell lines were asynchronous and tumor derived, with the ex-
ception of the fibroblasts. In the cell lines, the amount of p/CIP
staining found in the nucleus was highly variable, although a

prominent cytosolic component was always detected. For ex-
ample, in the HeLa S3 cell line, we detected p/CIP predomi-
nantly in the cytoplasmic compartment, whereas in the MCF-7
cells, a strong nuclear signal, as well as a cytoplasmic signal,
was detected. In contrast, in the MDA-435 cells, an estrogen
receptor-negative cell line, p/CIP was found predominantly
within the cytoplasmic compartment. In the MEFs, p/CIP was
found in the nucleus although some cytoplasmic staining was
also detected.

The subcellular localization of p/CIP was also examined by
Western blotting of cytosolic and nuclear fractions isolated
from the same cell types, which again indicated that p/CIP was

FIG. 2. Intracellular localization of p/CIP varies between cell types. (A) Differentiation of BC3H-1 cells stimulates cytoplasmic accumulation
of p/CIP. Cells were placed in differentiation medium for 4 days (right panel) prior to immunostaining using anti-p/CIP antibody. (B) (Top)
Immunohistochemical staining for p/CIP in various cell lines. Significant cytoplasmic staining was observed in the HeLa S3, MCF-7, and MDA-435
cell lines. In the MEFs, p/CIP was localized mainly to the nuclei of the cells. (Bottom) Western blot analysis of nuclear and cytosolic fractions
isolated from the corresponding cell lines used in panel A. Approximately 20 �g of protein was loaded into each well prior to SDS-PAGE and
Western blotting. The antibodies used are indicated on the left. C, cytosolic extract; N, nuclear extract;
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relatively abundant in the cytoplasm (Fig. 2B). Identical results
were obtained using a second antibody which recognizes a
different epitope (data not shown). Finally, we examined the
subcellular distribution of the related family member GRIP-1.
Western blotting using a GRIP-1-specific antibody demon-
strated that it was relatively abundant in both the cytosolic and
nuclear fractions. Collectively, these data support the immu-
nohistochemical observations that p/CIP and related family
members are differentially distributed between the nucleus and
cytoplasm depending on the cell type.

Localization of p/CIP is dynamically regulated. The distri-
bution of p/CIP, both in vivo and in a number of cell types,
suggests that it may undergo regulated intracellular trafficking.
To assess whether components found in serum could stimulate
p/CIP redistribution, MEFs were serum deprived and p/CIP
localization was examined by immunohistochemical analysis.
In the presence of serum-containing medium, p/CIP was found
mainly in the nuclear compartment (Fig. 3). However, serum
deprivation stimulated a dramatic shift in p/CIP localization to
the cytoplasmic compartment. Interestingly, immunoreactivity
for p/CIP was particularly intense in the perinuclear region.
Similar results were obtained with NIH 3T3 cells (data not
shown). To define specific factors responsible for mediating
p/CIP redistribution, serum-starved cells were stimulated with
various growth factors which included EGF and insulin as well
as the tumor-promoting phorbol ester PMA. In the majority of
cells, treatment with these agents resulted in a redistribution of
p/CIP back into the nucleus (Fig. 3B). The effect of PMA was
particularly dramatic, with significant redistribution occuring
as early as 30 min following its addition. This redistribution was
not dependent on changes in protein levels, since preincuba-
tion of cells with cycloheximide had no effect on p/CIP redis-
tribution in response to PMA.

We also determined if p/CIP localization was dependent on
the cell cycle by synchronizing a population of HeLa S3 cells at
the beginning of S phase with a thymidine block, releasing the
cells, and examining p/CIP distribution throughout the cell
cycle (Fig. 4). Throughout the G1 phase, p/CIP was found in
both the cytoplasmic and nuclear compartments, although a
greater percentage of the cells showed higher levels of cyto-
plasmic staining. This changed dramatically in cells which were
predominantly in S phase. In these cells, p/CIP accumulation
was predominantly cytoplasmic and excluded from the nucleus.
During late G2 phase, just prior to entry into mitosis and
before nuclear envelope breakdown, a rapid nuclear accumu-
lation of p/CIP was observed. This was again followed by re-
distribution back into the cytoplasm during late M phase.
These results suggest that the subcellular localization of p/CIP
can occur in a cell cycle-dependent manner.

It is well known that the distribution of many proteins de-
pends on their export as well as their import. Exportin/CRM1,
the best-characterized export receptor, recognizes leucine-rich
nuclear export sequence (NES) found within many proteins
and is specifically inhibited by the antibiotic LMB. Therefore,
to determine if the cytoplasmic accumulation of p/CIP depends
on an active nuclear export mechanism, HeLa cells were
treated with LMB for various periods, fixed, and stained with
anti-p/CIP antibody. In cells treated with vehicle alone, p/CIP
was both cytoplasmic and nuclear, consistent with our previous
observations. However, in response to LMB, p/CIP was found

predominantly within the nuclear compartment (Fig. 5). This
suggests that the cytoplasmic accumulation of p/CIP reflects its
continuous nuclear export as well as import.

p/CIP localization is mediated by nuclear import and export
signals. To define specific sequences which may mediate cel-
lular localization, we generated a panel of p/CIP truncation
mutants fused to the carboxy terminus of GFP and expressed
them in living cells. The expression of full-length p/CIP (GFP-
p/CIP aa 1–1398) or a truncation mutant in which the C-
terminal activation domain (AD2) was deleted (GFP-p/CIP aa
1–1085) resulted in a strong cytoplasmic as well as nuclear
signal when analyzed by fluorescence microscopy (Fig. 6B).
Interestingly, the expression of the GFP fusions was not diffuse
but was concentrated in discrete foci throughout the cell. Fur-
ther truncation mutations were localized exclusively to the
nucleus, which indicated that the amino terminus of p/CIP
harbors determinants responsible for nuclear localization. In-
spection of the primary amino acid sequence revealed a motif,
within the first 30 aa, which resembles the NLS of the simian
virus 40 large T antigen (Fig. 6A). To confirm that this motif
represents a bona fide NLS, we tested its ability to target an
expression vector containing GFP fused to lacZ, which is nor-
mally expressed in the cytoplasm. The addition of p/CIP (aa
1–34) containing the KKRK motif resulted in the accumulation
of the lacZ-GFP fusion exclusively in the nucleus of all cells
examined (Fig. 6C).

The observation that LMB causes nuclear accumulation of
endogenous p/CIP suggests that p/CIP may also contain a
CRM1-dependent NES which, based on the results of the
above experiments, may be localized in the carboxy terminus.
The region of p/CIP corresponding to aa 1033 to 1085 contains
two leucine-rich regions (designated LCD4 and LCD5) which
resemble CRM1-dependent nuclear export consensus sites
(Fig. 7A). These generally include a series of spatially posi-
tioned leucine or similar hydrophobic residues, although many
CRM1-dependent NESs diverge from this consensus site (24).
To determine whether this region of p/CIP is sufficient to
confer a cytoplasmic localization, we expressed a GFP-p/CIP
(aa 947–1085) fusion in living cells. Remarkably, this GFP
fusion was found predominantly in the cytoplasmic compart-
ment in approximately 75% of the cells examined and treat-
ment of cells with LMB resulted in a shift to the nuclear
compartment in the majority of cells (Fig. 7B). In contrast,
when amino acids within the LCD4 and LCD5 region were
mutated, the expression of this fusion protein was much more
diffuse and no significant redistribution was observed in re-
sponse to LMB. Collectively, these results support the hypoth-
esis that p/CIP distribution is mediated by intrinsic nuclear
import and export signals.

Cytoplasmic p/CIP is associated with the microtubule net-
work. In several of the cell types we examined, the staining
pattern of p/CIP following serum withdrawal is highly consis-
tent with the reticular pattern observed for the cytoskeletal
microtubule network. Based on this observation, we hypothe-
sized that a component of p/CIP may somehow be tethered to
microtubules in the cytoplasm and, consequently, sequestered
from transcriptional complexes. On stimulation, this pool can
be rapidly sequestered to the nucleus in response to the spe-
cific needs of the cell. To test this hypothesis, we used serum-
starved MEFs and visualized microtubules by immunofluores-
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cence using a monoclonal antibody directed against �-tubulin,
which stained exclusively cytoplasmic (Fig. 8A). Comparison of
the immunofluorescence staining patterns of p/CIP and �-tu-
bulin clearly demonstrate similar reticular patterns. Impor-
tantly, colocalization of p/CIP and �-tubulin was confirmed by
the yellow color that is apparent in the overlay image. These

observations indicate that a component of cytosolic p/CIP is
indeed associated with cellular microtubules. To determine if
the interaction of p/CIP with the microtubule network is a
necessary requirement for p/CIP shuttling, we preincubated
cells with colchicine, which disrupts the microtubule network
(Fig. 8D). This resulted in significantly diminished nuclear

FIG. 3. p/CIP undergoes redistribution in MEFs. (A) Immunohistochemical analysis of p/CIP in MEFs grown in the presence or absence of
serum, or in serum-starved cells treated with either 100 nM EGF, insulin, PMA, or PMA in the presence of cycloheximide (PMA/CH). (B)
Graphical representation of the results of the experiment in panel A, showing the mean number of cells counted in 10 random fields of cells stained
for p/CIP in the presence or absence of serum, EGF, insulin, PMA, or PMA with cycloheximide. Error bars indicate standard errors of the means.

VOL. 22, 2002 REDISTRIBUTION OF COACTIVATOR PROTEINS 6617



accumulation of p/CIP in response to PMA, suggesting that a
functional microtubule network is required for intracellular
trafficking of p/CIP.

To confirm the association between endogenous p/CIP and
microtubules biochemically, cytosolic extracts were isolated
from HeLa cells by using conventional chromatography in
combination with immunoaffinity purification (Fig. 9). When
analyzed by gel filtration chromatography, cytosolic p/CIP con-
sistently eluted as a single major peak corresponding to a mo-
lecular mass of approximately 700 kDa (Fig 9A). The p/CIP-
containing fractions isolated by gel filtration chromatography
were pooled and then fractionated by affinity chromatography
using anti-p/CIP antibody cross-linked to protein A-Sepharose.
Analysis of the affinity purified proteins by Western blotting
demonstrated that both p/CIP and �-tubulin were indeed pres-
ent (Fig. 9C). In addition, silver staining of the affinity-purified
complex identified several other proteins that copurify with
p/CIP, suggesting that this complex is heterogenous (Fig. 9B).

To provide further evidence that p/CIP associates with dif-
ferent proteins depending on its location, we also examined the
colocalization of the transcriptional coactivator CBP, which
can associate with p/CIP, as well as other SRC proteins, in vivo
and in vitro (31, 39, 65, 68, 73). This association appears to be
critical for mediating some of the transcriptional effects of
NRs. CBP was found only in the immunopurified p/CIP frac-
tion isolated from the nuclear extract and was absent from the
cytosolic complex (Fig. 10A).

Finally, we tested the ability of cytoplasmic and nuclear
p/CIP complexes to acetylate free histones in vitro. Consistent

with the presence of CBP, immunopurified nuclear p/CIP com-
plexes possess a very robust HAT activity in vitro (Fig. 10B). In
contrast, no HAT activity was detected in the immunopurified
cytoplasmic p/CIP component. Collectively, these results indi-
cate that cytoplasmic and nuclear p/CIP are associated with
different proteins and, furthermore, that there are functional
differences associated with the cytoplasmic and nuclear p/CIP
complexes that are reflected in their ability to acetylate his-
tones and possibly other proteins.

DISCUSSION

In this study, we have found that endogenous p/CIP is cyto-
plasmic and undergoes nucleocytoplasmic shuttling in re-
sponse to various stimuli. A predominant cytoplasmic localiza-
tion was also detected for GRIP-1, based on Western blotting
of subcellular fractions, suggesting that a similar mechanism
may regulate the distribution of other SRC proteins. We have
also demonstrated that a substantial fraction of cytoplasmic
p/CIP associates with the microtubule network and that this
association plays a role in the mechanism of nuclear import of
p/CIP.

Immunohistochemical analysis of p/CIP localization in the
female reproductive organs of mice clearly showed a segre-
gated pattern of localization depending on the cell type. In-
tense nuclear staining was observed in the highly proliferative
follicular cells, whereas in the corpus luteum, which is com-
posed mainly of terminally differentiated thecal and granulosa
cells, p/CIP was found predominantly in the cytoplasmic com-

FIG. 4. Redistribution of p/CIP is cell cycle dependent. Subcellular compartmentalization of p/CIP was determined by immunohistochemistry
of synchronized HeLa cells advancing through the cell cycle. HeLa cells were arrested in S phase on treatment with 2.5 mM thymidine for 36 h.
Cells were collected for flow cytometry at 30-min intervals after removal of the blocker, and the proportions of cells in G1 (77.4%), S (68.8%), G2/M
(66.2%), and M (57.5%) were determined by flow cytometry (top) or by immunostaining for p/CIP (bottom).

6618 QUTOB ET AL. MOL. CELL. BIOL.



partment. Within the uteri of pregnant female mice, we con-
sistently observed a “gradient-like” nuclear localization of
p/CIP, with increasing nuclear localization observed in cells
directly adjacent to the myometrium. Taken together, these
results suggest a possible correlation between the proliferative
and/or differentiation state of a particular cell type, and p/CIP
localization in mouse tissues. This hypothesis is supported by
additional correlative evidence. For example, in synchronized
HeLa cells, cytoplasmic localization of p/CIP is cell cycle de-
pendent. Surprisingly, in these cells, p/CIP is absent from the
nucleus during S phase and translocates to the nucleus at late
G2 phase in a manner similar to cyclin B1 (54). This occurs
prior to nuclear envelope breakdown and chromosomal con-
densation, supporting a possible role for p/CIP in mitotic
events (data not shown). In addition, factors which promote
cell cycle progression, such as insulin, EGF, or PMA, triggered
a dramatic redistribution of p/CIP from the cytoplasmic to the
nuclear compartment in serum-starved cells. Finally, we have
shown that the induction of differentiation of BC3H-1 myo-
blasts stimulates the translocation of p/CIP to the cytoplasm.
In contrast, a recent report has shown that the induction of

differentiation of C2C12 myoblasts by serum withdrawal stim-
ulates the translocation of GRIP1 to the nucleus (8). Collec-
tively, these results suggest that there may be functional dif-
ferences between various SRC factors, depending on the cell
type.

While our results demonstrate that p/CIP undergoes both
import and export, they do not address the status of p/CIP
during transport. However, one plausible explanation is that
the shuttling mechanism involves the phosphorylation of
p/CIP, either directly or indirectly, by protein kinase C (PKC).
The PKC family of serine/threonine kinases consists of 12
distinct isoforms which can be classified according to their
cofactor requirements (43). All of the isoforms have a common
requirement for phosphatidylserine. Class I, which consists of
three isoforms (�, �, and �), also requires Ca2� and diacyl-
glycerol (DAG) for activity. The remaining isoforms show var-
ious degrees of dependence on DAG or Ca2� (10, 11). Phorbol
esters such as PMA are potent activators of PKC and mimic
the effects of DAG, resulting in a sustained activation of PKC.
Interestingly, it has been shown in several cell types that both
EGF and insulin can activate phospholipase C to release DAG,

FIG. 5. p/CIP distribution is determined by nuclear export as well as nuclear import. (Bottom) Immunohistochemical analysis of HeLa cells
treated with 50 nM LMB resulted in accumulation of p/CIP in the nucleus. (Top) In the absence of LBM, endogenous p/CIP expression was
predominantly cytoplasmic with some nuclear staining. The corresponding graphs on the right represent the mean numbers of cells in six random
fields of cells stained for p/CIP in the absence or presence of LMB. Data are representative of four separate experiments. Error bars indicate
standard errors of the means.
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FIG. 6. p/CIP contains an NLS in its amino terminus. (A) Schematic representation highlighting the NLS in p/CIP and the homologous regions
found in GRIP-1 and mouse SRC-1. (B) Representative green fluorescent images of living cells expressing GFP-p/CIP fusion constructs. HeLa cells
were transfected with expression plasmids containing GFP fused to p/CIP deletion mutants as indicated in the upper right-hand corner. The lower
images represent the corresponding bright-field images. (C) Representative green fluorescent images of living cells expressing lacZ fused to GFP
(left) or lacZ-GFP fused to p/CIP (aa 1–34). C, predominantly cytosolic localization; N, predominantly nuclear localization; C/N, cytosolic and
nuclear localization observed in more than 75% of the cells in a random field of view consisting of approximately 50 cells.
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which, in turn, activates several distinct isoforms of PKC (3, 10,
11).

Our results are in agreement with previous results demon-
strating that p/CIP undergoes rapid nuclear import in Rat 1
cells in response to insulin (70). This response is inhibited by
okadiac acid, suggesting that the mechanism of nuclear import
may be phosphorylation dependent, although it remains to be
determined whether phosphorylation is directly involved in
regulating p/CIP distribution. Alternatively, because p/CIP re-
distribution involves a nuclear export pathway as well as an
import pathway, changes in the relative activity of either, as a
result of PKC activation, could alter the distribution of p/CIP
in a given cell type.

p/CIP contains nuclear import and export signals. We have
identified a novel NLS in the N terminus of p/CIP which
exhibits strong nuclear targeting activity when fused to GFP-
lacZ. Interestingly, the p/CIP NLS, which is conserved in other
members of the SRC family, resembles the simian virus 40 T
antigen class of NLSs, which are arginine and lysine rich, sug-
gesting that the SRC proteins may interact with the importin-�
family of proteins.

The NES region contains two lysine-rich domains which
conform to the consensus NESs found in several other proteins

that exhibit CRM-1-dependent nuclear export. Overexpression
of a GFP fusion containing the NES region is retained in the
cytoplasm and is LMB sensitive. Importantly, a mutant version
of the GFP fusion is no longer restricted to the cytoplasm and
is no longer responsive to LMB. Thus, nuclear export of p/CIP
is likely to be achieved through its direct interaction with
CRM-1. Interestingly, amino acids which participate in nuclear
export are also critical for the coactivator activity of p/CIP (Fig.
7 and data not shown). In addition, the recent nuclear mag-
netic resonance spectroscopic structural determination of the
ACTR/CBP interface indicates that the NES region partially
overlaps with the CBP interaction domain (12). Collectively,
these results support a model in which the binding of CBP and
of CRM-1 to p/CIP are mutually exclusive. Consequently, dur-
ing transcriptional activation when p/CIP is bound to CBP, the
NES may be masked and incapable of interacting with CRM-1.
The physiological stimuli which regulate the interaction be-
tween CBP/p300 and p/CIP are not known, although it has
been demonstrated that mitogen-activated protein kinase ac-
tivation stimulates the recruitment of p300, suggesting that the
mechanism involved may be phosphorylation dependent (15).

Cytoplasmic p/CIP associates with microtubules. Using
both immunohistochemical localization and biochemical puri-

FIG. 7. The CBP/p300 interaction domain contains an NES region. (A) Amino acid sequence of the CBP/p300 interaction domain containing
the two leucine-rich regions. The NES consensus sites are highlighted in bold. (B) Representative green fluorescent images of living cells expressing
GFP-p/CIP fusion constructs. HeLa cells were transfected with expression plasmids containing GFP fused to p/CIP (aa 947–1085) or GFP-p/CIP
(aa 947–1085m1) in which the leucine-rich regions were mutated as indicated in panel A. The cells were then treated with vehicle (�LMB) or 50
nM LMB (� LMB) for 4 h. The images on the left represent the corresponding bright-field images. C, predominantly cytosolic localization; N,
predominantly nuclear localization; C/N, cytosolic and nuclear localization observed in more than 75% of the cells in a random field of view
consisting of approximately 50 cells.
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fication, we have also demonstrated that endogenous p/CIP
associates with the microtubule network. The association of
proteins with the microtubule network is rapidly emerging as a
potentially important pathway for regulating transcription fac-
tor activity. Microtubules are composed of polar polymerized
tubulin tracks along which kinesin and dynein motor proteins
transport a wide variety of cargos in response to various stim-
uli. Studies carried out on the glucocorticoid and androgen
receptors have demonstrated that an intact cytoskeleton is
necessary for nucleocytoplasmic shuttling of the receptor and
that disruption of the cytoskeletal components renders the
receptor unable to shuttle between the cytoplasm and the
nucleus (52, 53). The SMAD proteins, which mediate tran-
scriptional activation of transforming growth factor �-respon-
sive genes, bind microtubules, and microtubule-destabilizing
drugs disrupt the SMAD-microtubule interaction, resulting in
the nuclear import of SMAD proteins (14). More recently, it
has been shown that p53 is transported along microtubules in
a dynein-dependent manner and that this facilitates its accu-
mulation in the nucleus after DNA damage (16).

The association of p/CIP with the microtubule network may
serve multiple functions. First, compartmentalization of p/CIP

within the cytoplasm may represent an active retention mech-
anism, limiting the accessibility of p/CIP to the transport
machinary and consequently preventing it from entering the
nucleus. In other words, this type of association may serve as a
negative regulator of transcription. This is also supported by
the finding that immunopurified p/CIP from cytosolic extracts
is devoid of any HAT activity, based on the in vitro acetylation
of core histones. In contrast, nuclear p/CIP, in association with
CBP, possesses a robust HAT activity. Our inability to detect
HAT activity associated with cytoplasmic p/CIP was surprising
in light of recent reports demonstrating that both SRC-1 and
ACTR possess intrinsic HAT activity that is mediated by their
respective carboxy termini (6, 61). It is possible, however, that
p/CIP HAT activity may be inhibited, perhaps as a result of its
interaction with other proteins which may be present in the
cytoplasmic complex. Second, our results suggest that the
association of p/CIP with the cytoskeleton is required for its
translocation. This is based on the observation that disruption
of the microtubule network with colchicine prevents shuttling
of p/CIP in response to PMA. Third, a shuttling mechanism
which serves to control entry into the nucleus might allow

FIG. 8. Colocalization of p/CIP and �-tubulin in MEFs. p/CIP staining (green) and �-tubulin (red) are colocalized in the cytoplasm, as
indicated by the yellow color in the overlay images. (A) Cells grown in the presence of serum. (B) Immunofluorescence of serum-starved cells.
(C) Immunofluorescence of serum-starved cells which have been stimulated for 4 h with 100 nM PMA. (D) Immunofluorescence of serum-starved
cells which have been stimulated for 4 h with 100 nM PMA after colchicine (Chol) treatment. No p/CIP shuttling was observed, in response to
PMA, when microtubules were disrupted.
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p/CIP to interact with a repertoire of transcriptional proteins
depending on the specific needs of the cell.

Intracellular shuttling between the cytoplasm and the nu-
cleus often acts as switch to regulate the activity of many
proteins. For example, transcription factors containing a con-
served Per-Arnt-Sim(PAS) domain, such as the dioxin receptor
and HIF1�, are found in the cytoplasm in unstimulated cells
and are translocated to the nucleus in response to specific
signals, where they activate the transcription of target genes
(21, 27). More recently, it has been shown that differentiation
of muscle cells is dependent on the regulated nuclear export of
the class II HDACs HDAC4 and HDAC5 (46, 71). In undif-
ferentiated muscle cells, HDAC4 and HDAC5 interact with
members of the myocyte enhancer factor 2 (MEF-2) family of
transcription factors, resulting in repression of MEF-2-depen-
dent genes. Upon activation of the Ca/calmodulin-dependent

signalling pathway, HDAC4 and HDAC5 are phosphorylated
and are exported from the nucleus. This relieves repression of
the transcription factor MEF-2, which, in turn, associates with
MyoD to activate the expression of muscle-specific genes.

Amplified in breast cancer I (AIB1), the human homologue
of p/CIP, was identified within a region on chromosome 20,
which is often amplified in breast and ovarian cancer (2).
Preliminary results from our laboratory have shown that cyto-
plasmic localization of p/CIP is a characteristic feature in spe-
cific types of breast cancers (data not shown), suggesting that
compartmentalization of p/CIP could have important implica-
tions in breast cancer development. For example, it is conceiv-
able that normal cell growth is dependent on an equilibrium
between the cytoplasmic and nuclear SRC proteins. Conse-
quently, the “oncogenic” behavior of p/CIP may be linked not
only to its overexpression but also to a shift in equilibrium

FIG. 9. �-Tubulin is present in the affinity-purified cytosolic p/CIP complex. (A) Gel filtration chromatography of HeLa cell cytosolic extracts.
(B) Silver stain SDS-PAGE gel of affinity-purified p/CIP-associated proteins isolated from HeLa cell cytosolic extracts. (C) Western blot of affinity-
purified p/CIP isolated from HeLa cell cytosolic extract. p/CIP and its associated proteins were isolated from cytosolic extract by affinity
chromatography using an anti-p/CIP affinity column or control affinity column as indicated above the lanes. Affinity-purified proteins were Western
blotted and probed for either �-tubulin or p/CIP as indicated on the left. Input(GF) indicates an aliquot of the pooled p/CIP-containing fractions
obtained from the gel filtration chromatography.
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between the cytoplasmic and nuclear components, resulting in
abnormal growth. This type of mechanism has also been pos-
tulated for p53, which relies on a regulated transport mecha-
nism to shuttle into and out of the nucleus (47, 57). Under
normal conditions, p53 activity is regulated by preventing its
import to the nucleus, in part through its association with
microtubules. In response to specific extracellular stimuli, p53
relocalizes to the nucleus to regulate transcriptional processes.
However, in a percentage of p53-related tumors, particularly in
breast cancer and neuroblastoma, p53 is predominantly cyto-
plasmic and is inactivated and may contribute to uncontrolled
cell proliferation. Based on the observations presented in this
study, we believe that the cytoplasmic and nuclear localization
of p/CIP may be an important regulatory mechanism that

serves to control the availability of coactivator proteins in the
nucleus and possibly to limit the activity of NRs at specific
stages of the cell cycle or during normal development. In ad-
dition, this type of regulation could serve to integrate diverse
signaling pathways at the level of coactivator proteins and
could have important implications for understanding cell
growth in breast cancer. Further delineation of the mechanism
of nucleocytoplasmic shuttling of p/CIP is necessary to under-
stand its complex mode of regulation.
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ADDENDUM IN PROOF

While this paper was in revision, a report by Wu et al.
describing the translocation of SRC-3 in response to tumor
necrosis factor was published (R.-C. Wu, J. Qin, Y. Hashi-
moto, J. Wong, J. Xu, S. Y. Tsai, M.-J. Tsai, and B. W.
O’Malley, Mol. Cell. Biol. 22:3549–3561, 2002.)
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