
Abstract. p27 is a member of the Kip family of cyclin-
dependent kinase inhibitors and its overexpression results in
cell cycle arrest at G1 and/or apoptosis. In addition to its
role as a regulator of cell cycle progression, p27 can also
participate in cell motility, especially when it is mislocalized
in the cytosol. To further elucidate the role of p27 in the
motility of MDA-MB-231 breast cancer cells, we performed
p27 knockdown in MDA-MB-231 cells by RNA interference.
Infection of MDA-MB-231 cells with retroviruses harboring
p27 short hairpin RNA (shRNA) designed from human p27
cDNA resulted in efficient inhibition of p27 expression,
while p27 shRNA designed from mouse p27 cDNA did not
affect p27 expression in MDA-MB-231 cells. MDA-MB-231
cells infected with human p27 shRNA (MDA-MB-231
hp27shRNA) showed increased proliferation compared to
control MDA-MB-231 cells and MDA-MB-231 cells infected
with mouse p27shRNA (MDA-MB-231 mp27shRNA).
Wound healing assays revealed that migration of MDA-
MB-231 hpshRNA cells was markedly impaired compared
to MDA-MB-231 mpshRNA cells, especially when cyclo-
heximide was added to block protein synthesis. Immuno-
staining of p27 in MDA-MB-231 cells showed that p27
predominantly localized in the nuclei. These results suggest
that both nuclear and cytosolic p27 can promote cancer cell
motility.

Introduction

Cyclin/cyclin-dependent kinase (Cdk) complexes are pivotal
in regulating cell cycle progression (1). A group of proteins
known as Cdk inhibitors regulate cyclin/Cdk complexes,
including the Cip/Kip proteins (p21, p27 and p57) and the Ink
proteins (p15, p16, p18, p19). Protein levels of p27, a negative
regulator of cell cycle progression, are inversely correlated
with cancer patient survival (2). Along with protein level, the

intracellular compartmentalization of p27 is also important
during cell cycle progression. For the efficient inhibition of
cyclinE/Cdk2, p27 must be localized in the nucleus (3). In
the G0/G1 phase of the cell cycle, p27 is almost exclusively
localized in the nucleus, but a significant pool of p27 is trans-
located to the cytosol in response to mitogenic stimulation
(4). Inhibition of Cdks by direct binding of p27 in the nucleus
might be impaired in many human tumor cells where cytosolic
localization of p27 is observed (5-7). Cytosolic localization
of p27 can be achieved by subsequent phosphorylation of
Ser10 and Thr157 by growth factor-dependent human kinase-
interacting stathmin and Akt, respectively (4,8,9).

Certain lines of evidence suggest that p27 may have an
additional role as a regulator of cell movement, especially
when translocated to the cytosol. Delivery of TAT-p27 fusion
protein into hepatoma cells leads to increased cell migration
(10). In the developing mouse embryo, two kip-type Cdk
inhibitors, p27 and p57, play essential roles in neuronal
migration (11). Wu et al (12) showed that knockdown of
cytosolic p27 inhibits motility of U87 glioma cells.

In this study, we report that short hairpin RNA (shRNA)-
mediated knock-out of p27 in MDA-MB-231 breast cancer
cells led to enhanced cell proliferation and decreased
migration. Immunostaining of p27 and subcellular fractionation
assays using MDA-MB-231 cells revealed that p27 of MDA-
MB-231 cells is predominantly localized in the nucleus,
suggesting that nuclear p27 is also responsible for cancer cell
movement.

Materials and methods

Generation of MDA-MB-231hp27shRNA cells. The MDA-
MB-231 human breast cancer cell line was obtained from
the ATCC, pSUPER.retro vectors harboring shRNAs
against human p27 and mouse p27 were kindly provided by
Dr Carlos Arteaga (Vanderbilt University). Retroviruses
were prepared by transfection of 293T cells with 15 μg DNA/
100 mm dish of three plasmids encoding gag/pol, VSV-G,
and pSUPER-hp27 shRNA or pSUPER-mp27 shRNA, at the
mass ratio of 4:3:8. Supernatants from cells were collected
for 3 days, combined, filtered through 0.4 μm filters and
stored in aliquots at -80˚C. Supernatants containing retroviral
particles were applied to MDA-MB-231 cells in the presence
of 6 μg/ml polybrene (Sigma). Three days later, the infected
cells were selected by 1 μg/ml puromycin (Gibco) treatment.
The surviving colonies were isolated and their p27 expression
levels were checked by Western blot analyses. The cells were
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then maintained in DMEM (Gibco) supplemented with 10%
fetal bovine serum (Gibco) at 37˚C under 5% CO2.

Western blot analyses. MDA-MB-231, MDA-MB-231
mp27shRNA and MDA-MB-231 hp27shRNA cells were
washed once with phosphate-buffered saline (PBS) and lysed
with a lysis buffer [20 mM Tris-HCl, pH 7.4, 0.1 mM EDTA,
150 mM NaCl, 1% NP-40, 0.1% Triton X-100, 0.1% SDS,
20 mM NaF, 1 mM Na3VO4, 1X protease inhibitor (Roche)].
All protein samples were resolved by 10% SDS-PAGE after
boiling for 5 min in SDS sample buffer. The protein bands
were transferred onto nitrocellulose membranes in Tris-
glycine-methanol buffer and visualized with appropriate
primary antibodies followed by HRP-conjugated secondary
antibody (Amersham) and the WEST-ZOL® plus Western blot
detection system (iNtRON). The primary antibodies were all
purchased from Santa Cruz Biotechnologies.

Proliferation assays . MDA-MB-231, MDA-MB-231
mp27shRNA and MDA-MB-231 hp27shRNA cells were
seeded onto 12-well plates at a density of 1x104 cells/well.
Cells were counted using a hematocytometer after 24, 48, 72
and 96 h.

Wound healing assays. MDA-MB-231 mp27shRNA and
MDA-MB-231 hp27shRNA cells were seeded in 6-well
plates at a density of 1x104 cells/well. After three days, wounds
were made by scraping across the confluent cell monolayer
with a plastic pipette tip. Assays were carried out in the
absence and presence of 0.28 μg/ml cycloheximide (Sigma)
to block protein synthesis. Phase contrast microscopic images
were recorded at the time of wounding (0 h), and after 20, 30
and 48 h. Wound closure was estimated as the percentage of
the remaining wound area relative to the initial wound area.
Experiments were repeated more than 3 times.

Immunostaining. MDA-MB-231, MDA-MB-231 mp27shRNA
and MDA-MB-231 hp27shRNA cells seeded on glass
coverslips in 6-well plates were washed with PBS, fixed with
3.8% paraformaldehyde in PBS for 10 min and permeabilized
with 0.05% Triton X-100 in PBS for 10 min at ambient
temperature. The fixed cells were washed 3 times with PBS
for 5 min each and blocked with 3% skim milk in PBS for
30 min. Anti-p27 primary antibody (Santa Cruz) solution
(80 μl) diluted in 1% skim milk in PBS was added per
coverslip and incubated for 1 h. Cells were washed 3 times
with PBS and then incubated with 80 μl of secondary antibody
solution [anti-rabbit IgG-Oregon Green (Molecular Probe)].
Cells were washed 3 times for 10 min with PBS, and then
nuclei were counter-stained with 1 μg/ml Hoechst for 10 min at
ambient temperature. Coverslips were mounted on 25x75 mm
microslides (VWR Scientific) using AquaPolyMount (Poly-
sciences), Fluorescent images were captured using a
fluorescence microscope (Olympus BX50).

Cell fractionation. MDA-MB-231 mp27shRNA cells seeded
at a density of 1x106 cells per 100-mm dish were harvested
in cytoplasmic extraction buffer (10 mM HEPES; pH 7.9,
10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT,
0.5 mM PMSF) and agitated for 10 min at 4˚C. The samples

were then subjected to centrifugation at 13,000 rpm in a
microcentrifuge (Eppendorf) for 5 min. The supernatants
were collected as the cytosolic fraction. The nuclear pellets
were washed 2 times with cold PBS and resuspended in a
nuclear extraction buffer (20 mM HEPES; pH 7.9, 400 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM
PMSF). Nuclear extracts were agitated for 10 min at 4˚C and
centrifuged at 13,000 rpm at 4˚C. The resulting supernatants
were collected as the nuclear fraction.

Results

Effect of p27 silencing on proliferation of MDA-MB-231
cells. After infection of MDA-MB-231 cells with retroviral
particles harboring shRNA against human p27 and mouse
p27, cultures were treated with puromycin to select the virus-
infected cells. Two clones (MDA-MB-231 hp27shRNA-1
and MDA-MB-231 hp27shRNA-4 cells) exhibited decreased
expression of p27 as compared to parental MDA-MB-231
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Figure 1. Silencing of p27 in MDA-MB-231 cells by retroviral infection of
shRNA. MDA-MB-231 cells were infected with retroviruses encoding
shRNA against mouse p27 and human p27 (Materials and methods). After
several days, the infected cells were selected using puromycin. The silencing
of p27 was confirmed by Western blot analyses. Ponceau staining of the
proteins on nitrocellulose membranes was used to confirm the even levels of
protein in each lane.

Figure 2. Effect of p27 silencing on proliferation of MDA-MB-231 cells.
Cells were seeded as indicated in Materials and methods and counted with
a hematocytometer at each indicated time point. ◆, MDA-MB-231 parental
cells; ■, MDA-MB-231 mp27shRNA; ▲, MDA-MB-231 hp27shRNA-1; x,
MDA-MB-231 hp27shRNA-4.
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cells and mouse (control) p27 shRNA infected MDA-MB-
231 mp27shRNA cells (Fig. 1). Since p27 can regulate cell
proliferation via blockade of the G1 to S transition of the cell
cycle (3), we examined the effect of p27 silencing on pro-
liferation of MDA-MB-231 cells. Both MDA-MB-231
hp27shRNA-1 and MDA-MB-231 hp27shRNA-4 cells
exhibited efficient increases in cell proliferation compared to
parental MDA-MB-231 cells and control MDA-MB-231
mp27shRNA cells (Fig. 2). Proliferation of MDA-MB-231
hp27shRNA-4 cells particularly increased ~3.3-fold by 4
days after the seeding. These results suggest that silencing
of p27 effectively enhanced proliferation of MDA-MB-231
breast cancer cells.

p27 silencing impaired the motility of MDA-MB-231 cells.
Since p27 can regulate the motility of cancer cells (12,13),
we examined the effect of p27 silencing on the motility of
MDA-MB-231 cells using wound healing assays. Because
silencing of p27 could enhance the proliferation rate of
MDA-MB-231 cells (as indicated in Fig. 2), wound healing
assays were performed in the absence (Fig. 3A) and presence
(Fig. 3B) of cycloheximide, which inhibits protein synthesis
by blocking the peptidyl transferase activity of ribosomes
(14). Treatment with cycloheximide blocked proliferation of
MDA-MB-231 cells at a concentration of 0.28 μg/ml (data
not shown). Silencing of p27 by shRNA inhibited wound
closure most efficiently at 20 h after wound formation in the

absence of cycloheximide (Fig. 3). Even so, the wounded
areas were all closed in all three cell lines after 48 h. When
cultures were treated with cycloheximide to block cell pro-
liferation, MDA-MB-231 mp27shRNA cells migrated into
the wounded area and closed the wound within 48 h. In the
MDA-MB-231 hp27shRNA clones, the wound remained open
at 48 h (Fig. 3B). These data suggest that silencing of p27
abrogated motility of the MDA-MB-231 cells.

Subcellular localization of p27 in MDA-MB-231 cells. The
next step was to determine the subcellular distribution of p27
in MDA-MB-231 cells, since cytosolic p27 can inhibit RhoA
activation and induce cell motility (12). Immunostaining
revealed that p27 was predominantly localized in the nucleus
in both parental MDA-MB-231 cells and MDA-MB-231
mp27shRNA cells (Fig. 4A). In accordance with the Western
blot results (Fig. 1), immunoreactive p27 was not observed in
either MDA-MB-231 hp27shRNA-1 or MDA-MB-231
hp27shRNA-4 cells. Subcellular fractionation indicated that the
majority of p27 in MDA-MB-231 mp27shRNA cells was in the
nucleus (Fig. 4B). Collectively, our results suggest that nuclear
p27 was responsible for the migration of MDA-MB-231 cells.

Discussion

We examined the effect of p27 silencing on the proliferation
and motility of MDA-MB-231 breast cancer cells. Silencing
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Figure 3. Effect of p27 silencing on motility of MDA-MB-231 cells. Wound healing assays were performed as described in Materials and methods both in the
presence (A) and absence (B) of 0.28 μg/ml cycloheximide. At each indicated time point after wound formation, the width of the wounded area was measured
and expressed as a percentage of the original width of the wound. Three independent experiments were performed and the mean ± SD was plotted. 
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of p27 by retroviral delivery of shRNA against p27 increased
proliferation of MDA-MB-231 cells and decreased the motility
of the cells. p27 was initially discovered as a Cdk inhibitor
induced by mitogenic signals from outside the cells (1).
Multiple lines of experimental evidence suggest that partial
loss or mislocalization of p27 to the cytoplasm is responsible
for increased transformation (9,15,16). Total loss of p27 alleles
may interfere with tumorigenesis, since homozygous deletions
of the p27 gene are extremely rare in human cancers (17).
Although the modulation of cell mobility by p27 (independent
of Cdk inhibition) has been reported, it remains controversial
whether p27 promotes or inhibits cell migration. For example,
high levels of p27 and p27 phosphorylated at Ser10, which is
responsible for the cytosolic localization of p27 (18), are
detected in metastatic hepatocellular carcinoma cells, but not
non-metastatic hepatocellular carcinoma cells (13). p27
knockdown by RNA interference increases RhoA activity
and stress fiber formation and decreases cell migration,
suggesting that p27 promotes metastatic hepatocellular
carcinoma cells through modulation of RhoA (13).

Wu et al (12) reported that RNA interference-induced
suppression of p27 in U87MG glioma cells with >50%
expression of cytosolic p27 expression leads to markedly
impaired motility in transwell migration assays. Using the
same retroviral vector for RNA interference, they have also
shown that motility of COS7 cells with exclusive nuclear p27
localization is moderately affected by p27 silencing, indicating
that cytoplasmic p27 is mainly responsible for the modulation

of cell motility. In contrast, Schiappacassi et al (19) recently
reported that cytoplasmic p27 inhibits motility of U87MG
glioma cells through its carboxy-teminal portion. Analyzing
the effect of cytoplasmic p27 on cell proliferation rate and
migration rate using T98G and U138 glioma cells (strong
cytoplasmic p27 expression) and U87MG and SF268 glioma
cells (low cytoplasmic p27 levels), they found no direct
correlation between cytoplasmic p27 levels and proliferation
rates, and that cells with strong p27 cytoplasmic expression
exhibited a decreased migration rate through extracellular
matrices. A study using estrogen-dependent T47D breast
cancer cells also showed that loss of p27 increases cell
migration and invasion (20).

Although there are mixed opinions about the role of p27
in the motility of cancer cells, it is now generally believed
that p27 has both tumor suppressive and oncogenic functions
(21). Animals heterozygous for p27 are more susceptible to
mammary and prostate tumors than p27 null animals (15,16),
indicating that one allele of p27 is actively involved in turmori-
genesis. Recently, Besson et al (22) reported that a knock-in
mouse model expressing a mutant p27 unable to interact with
cyclins and Cdks develops hyperplastic lesions and tumors in
multiple organs including the lung, retina, pituitary, and ovary.
They also showed that mutant p27 expression in these animals
leads to amplification of stem/progenitor cell populations in
lung and retina tumors. This oncogenic function of p27 may
help to explain the fact that the loss of one p27 allele leads to
partial down-regulation of tumor suppressive cyclin/Cdk

LEE et al:  NUCLEAR p27 AFFECTS BREAST CANCER CELL MOTILITY1624

Figure 4. Subcellular localization of p27 in MDA-MB-231 cells. (A)
Immunostaining of p27 in MDA-MB-231 cells was performed as described
in Materials and methods (upper panels). Nuclear DNA staining with
Hoechst dye was also performed (lower panels). (B) Subcellular fraction-
ation of MDA-MB-231 was performed as described in Materials and
methods. Actin and c-Jun were employed as cytosolic and nuclear markers,
respectively, in the Western blots.
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inhibitory activity while maintaining the tumorigenic activity
of p27.

Nuclear localization of p27 is required to inhibit Cdk
activation by Cdk-activating kinase (3,23). Hence the cell-
cycle regulatory activity of p27 is regulated by changes in the
p27 protein quantity and nuclear localization of p27. The
phosphorylation of Ser10, Thr157 and Thr198 on p27 is
required to promote cytosolic export of p27 (4,8,24). The cell
cycle-independent functions of p27 were first found using
TAT-p27 fusion protein transduction into HepG2 cells,
which demonstrated that p27 can promote cell migration and
scattering (10). Later, the same group reported that the cell
migratory activity of p27 occurs independent of its cell cycle
arrest functions, and that it requires cytoplasmic localization
of p27 and Rac GTPase (25). Furthermore, mouse embryonic
fibroblasts (MEFs) derived from p27-null mice exhibit a
dramatic decrease in motility compared to wild-type cells,
and this effect of p27 on cell migration is mediated via
modulation of the Rho signaling pathway (26). 

Wu et al (12) have also reported that cytosolic p27 down-
regulates RhoA and increases cell motility. Since RhoA is
predominantly localized in the plasma membrane and
cytosol (27), the interaction between RhoA and p27 was
thought to preferentially occur in the cytoplasm. However,
the re-expression of p27 in p27-null MEFs revealed that most
of the ectopically expressed p27 remains nuclear while
inhibiting cytosolic stress fiber formation, which is absolutely
dependent on RhoA activity (26,27). We also found that the
majority of p27 in MDA-MB-231 cells was localized in the
nucleus (Fig. 4). Although we can not completely rule out the
possibility that a minimum level of cytosolic p27 in MDA-
MB-231 cells might be responsible for p27-dependent motility,
our data suggest that nuclear p27 contributes to the motility
of cancer cells. A recent study (28) describes finding a
significant portion of RhoA in the nucleus of gastric cancer
cells. Taking these findings together, we propose that both
nuclear and cytosolic p27 may regulate the motility of cancer
cells. The involvement of RhoA in the modulation of cell
motility by nuclear p27 warrants further investigation.
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