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Abstract

Introduction
The 9-exon PTEN3 encodes a 403-residue tumor suppressor protein
with several structural and functional motifs including homology to
tensin (aa 5–182), a catalytic phosphatase domain (aa 122–133), two
proline-glutamate-serine-threonine degradation sequences, and a
postsynaptic density protein/Drosophila disc large/zona occludens-1binding domain (aa 400 – 403; Refs.1 and 2). Only aa 10 –353 are
necessary for cell cycle effects, Akt inhibition, and protein and lipid
phosphatase functions (3). Although many structural features have
been identified, and their function has been characterized, no NLS has
been described. Therefore, reported nuclear PTEN studies have been
limited to immunohistochemical studies in breast, thyroid, and endocrine pancreatic tumors; cutaneous melanoma; esophageal squamous
cell carcinoma; and colorectal carcinoma compared with normal
counterpart tissue (4 – 8). In these studies, a shift from nuclear to
cytoplasmic PTEN correlated with increasing neoplasia for all tissues.
Nuclear PTEN has also been noted in a study of mouse neurodevelopment (9) and in anecdotal observations by researchers describing
differential localization with a non-naturally occurring ⌬354 – 403 and
a serine/threonine mutant (3), all of which could be artifactual. The
discovery of a PTEN-like dual-specificity phosphatase, CDC14, in
the nucleus (10) further led researchers to partition PTEN function to

Materials and Methods

Cell Lines. The MCF-7 Tet-off cell line (BD Clontech, Inc.), a breast
cancer cell line containing a Tet-controlled cassette, was grown in DMEM
supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, and
100 g/ml Geneticin (G418; all supplied by Life Technologies, Inc.). Hygromycin B (200 – 400 g/ml; Invitrogen, Inc.) was used to select stable clones
incorporating the experimental pTre2Hyg constructs. Vector expression was
controlled with Tet (1–2 g/ml).
Plasmid Construction and Transfection. PTEN cDNA was cut out from
a vector described previously (12) and inserted into the Tet-controlled
pTre2Hyg vector (BD Clontech, Inc.). PTEN cDNA was also cloned into the
pEGFPC1 vector (BD Clontech, Inc.) downstream of EGFPC1. EGFPC1PTEN-WT was cut and subcloned into the pTre2Hyg vector. Fidelity of the
constructs was confirmed by sequencing. The pTre2Hyg, pTre2Hyg PTENWT, and pTre2Hyg EGFPC1-PTEN-WT vectors were stably transfected into
the MCF-7 Tet-off cell line (Fugene; Roche Applied Biosciences) using
procedures recommended by the manufacturer.
Cell Cycle Experiments. Tet was removed by washing twice with Tet-free
medium, once with PBS (Invitrogen, Inc.), and replating in Tet-free or Tetsupplemented medium; medium was replaced after 24 h. After 48 h without
Tet, medium was augmented with HU (3 mM) for 16 –18 h to synchronize the
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Phosphatase and tensin homologue deleted on chromosome 10 (PTEN)
is a tumor suppressor that causes cell cycle arrest. Lack of a nuclear
locator sequence and a function in the cytosolic phosphatidylinositol
3ⴕ-kinase/Akt pathway diverted its study from the nucleus. However,
immunohistochemistry revealed PTEN in the nucleus of normal cells and
decreased nuclear PTEN in neoplastic tissues. Using protein expression
analysis and fluoroscopic localization of green fluorescence protein-tagged
PTEN, we examined nuclear PTEN in MCF-7 cells. We demonstrate that
PTEN enters the nucleus and that nuclear PTEN varies throughout the
cell cycle. Higher nuclear PTEN levels were associated with G0-G1 phase,
and lower nuclear PTEN levels were associated with S phase. We postulate
that nuclear PTEN activity might directly regulate the cell cycle.

the cytoplasm, subsequently describing CDC14 function with p53 in
the nucleus and the role of PTEN with p53 in the cytoplasm. Although
PTEN has been shown by several research groups to have effects on
the cell cycle and its component proteins by arresting cells in G1
(11–13), the role of PTEN in cell cycle control may extend beyond the
suppression exerted on the phosphatidylinositol 3⬘-kinase/Akt pathway and beyond its characterized mechanism in the cytosol. The
nuclear-cytoplasmic movement of a phosphatase is not without precedent. Another phosphatase, CDC25B, has been shown to shuttle
between the cytosol and the nucleus during the cell cycle in HeLa
cells (14), with localization controlled by nuclear export/import sequences. Because PTEN has been observed in the nucleus and has cell
cycle effects, we hypothesize that PTEN shuttling may be associated
with the cell cycle. In this study, we sought to directly demonstrate
PTEN in the nucleus of MCF-7 breast cancer cells through both
biochemical and direct visualization methods and, furthermore, to
correlate nuclear PTEN levels with the cell cycle.

NUCLEAR PTEN IN MCF-7 CELLS

monoclonal antibody against the COOH-terminal 100 aa of PTEN
(6H2.1; Fig. 1). Nuclear PTEN and cytoplasmic PTEN were observed
in all three clones. Of note, overexpression of PTEN or EGFPC1PTEN resulted in increased PTEN protein levels in both the cytosol
and nucleus. To further confirm the presence of PTEN in the nuclear
extracts, an alternative method of nuclear isolation was used. Nuclei
were isolated from cells from all three cell lines by a sucrose gradient
fractionation technique (see “Materials and Methods”) and subjected
to Western blotting with 6H2.1. Endogenous PTEN and ectopically
expressed PTEN were clearly noted in the nuclei using this method
(Fig. 1B). Control blots with antibodies against nuclear proteins RB
and E2F family proteins confirmed the presence of these nuclear
proteins in the nuclear extract and showed little or no cross-contamination of proteins in the cytosolic fraction (data not shown). Cytosolic contamination of the nuclear extracts prepared using the high salt
technique (see “Materials and Methods”) was also determined by
assessing the LDH activity, a cytosolic marker, in nuclear and cytoplasmic fractions. Standard methods measuring decreasing absorbance at 340 nm showed that nuclear extracts exhibited LDH activity
at or near background levels, whereas cytoplasmic samples showed
typical high levels of activity (data not shown). The results from all
control experiments indicated that little cytoplasmic contamination
existed in the nuclear samples and that nuclear proteins were present
in the nuclear fractions.
To determine whether the subcellular compartmentalization of
PTEN was related to the cell cycle, this relationship was analyzed
throughout the course of a cell cycle (approximately 24 h) using
biochemical and flow cytometric approaches (Figs. 2 and 3) as well as
by direct visualization (Fig. 4). The MCF-7 cells were synchronized
with HU, which halts the cells in G0-G1, and subsequently released
and harvested at the time points described above (see “Materials and
Methods”). Cell cycle analysis was performed by flow cytometry
using propidium iodide (Fig. 2). As shown in Fig. 2, using the same
concentration of HU, the three cell lines all cycled with similar
kinetics. On average, 70% of the cells were in G0-G1 at the time of

Results and Discussion
To determine whether PTEN can exist in the nucleus and whether
nuclear-cytoplasmic localization is related to the cell cycle, the
MCF-7 Tet-off breast cancer cell line was stably transfected with
PTEN-WT (pTre2Hyg PTEN-WT), EGFPC1-PTEN-WT (pTre2Hyg
EGFPC1-PTEN-WT), and empty vector (pTre2Hyg). MCF-7 was
chosen because we have carefully characterized this model with
respect to PTEN and changes in other cell cycle components after
transfection of PTEN-WT and naturally occurring PTEN mutants
associated with neoplasia (12). Furthermore, MCF-7 has wild type
PTEN, p53, and RB. The cells were examined for the presence of
nuclear and cytoplasmic PTEN by Western blot analysis using a

Fig. 1. Identification of nuclear (Nuc) and cytoplasmic (Cyto) PTEN in stably transfected MCF-7 Tet-off cell lines by Western blot using a monoclonal antibody to PTEN
(6H2.1). A, stably transfected cell lines include vector only (pTre2Hyg), PTEN-WT
(pTre2Hyg PTEN-WT), and EGFPC1-PTEN-WT (pTre2Hyg EGFPC1-PTEN-WT). Nuclear and cytoplasmic extracts were separated after withdrawal from Tet for 48 h (Tet⫺)
using the high salt method (see “Materials and Methods”). The overexpression of
PTEN-WT and EGFPC1-PTEN-WT was controlled with 2 g/ml Tet (Tet⫹). In the
EGFPC1-PTEN-WT line, the bottom band represents endogenous PTEN, and the top
band represents the transfected EGFPC1-PTEN fusion product. B, confirmation of nuclear
PTEN using a sucrose gradient method of nuclear extract preparation. The overexpression
of PTEN-WT and EGFPC1-PTEN-WT was controlled with 2 g/ml Tet. In the EGFPC1PTEN-WT cell line, the bottom band represents endogenous PTEN, and the top band
represents the transfected EGFPC1-PTEN fusion product.
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methylsulfonyl fluoride; 0.5 mg/ml bezamidine hydrochloride; 2 g/ml each of
leupeptin, aprotinin, and pepstatin; 10 mM ␤-glycerophosphate; 0.2 mM sodium
orthovanadate; and 25 mM sodium fluoride. The nuclear extract solution was
supplemented with 2 mM phenylmethylsulfonyl fluoride and the above inhibitors listed for the cytoplasmic extracts. Protein concentrations were determined using the bicinchoninic assay reagents and the microbicinchoninic assay
method (Pierce Biotechnology, Inc.). Although cross-contamination of samples using the above Pierce reagents is low, nuclear proteins were verified
using an alternate method of nuclear protein extraction, Western blot with
antibodies against RB (BD Biosciences) and E2F family proteins (Santa Cruz
Biotechnology, Santa Cruz, CA) and LDH activity. Cells were subjected to
sucrose preps using 0.33 M, 0.88 M, and 1 M discontinuous sucrose gradients in
HEPES buffer with proteinase inhibitors with centrifugation. Protein concentrations were determined using a Bradford assay (Bio-Rad protein assay;
Bio-Rad Corp.). Nuclear extracts were subjected to Western blotting as described below. Cytoplasmic contamination was further examined by determining the LDH activity of cytoplasmic and nuclear extracts. A standard protocol
with NADH and pyruvate substrates was used, and activity was measured as
decreasing absorbance at 340 nm on a spectrophotometer (SpectraMax; Molecular Diagnostics). For Western blot analysis, 10 or 20 g of protein were
fractionated by 10% SDS-polyacrylamide gels, transferred to nitrocellulose
membrane (Bio-Rad Corp.), and probed using a primary monoclonal antibody
to PTEN (6H2.1; 1:1000) and a secondary antimouse horseradish peroxidase
antibody (Promega, Madison, WI; 1:5000). The proteins were detected using
enhanced chemiluminescence (ECL reagents; Amersham Pharmacia Corp.,
Piscataway, NJ) and blots exposed to film [XAR (Kodak); Hyperfilm (Amersham Pharmacia Corp.)]. Equal loading of lanes was evaluated by staining
membranes with Ponceau S reagent (Sigma Chemical Co.).
Cell Cycle Analysis. At time course points for nuclear and cytoplasmic
extraction, the divided cells were centrifuged, resuspended in cold 70% ethanol, and stored at –20°C until analysis. Washed cells were stained in 0.1%
Triton X-100 in PBS with 1 g/ml propidium iodide (Sigma Chemical Co.).
Flow cytometry was performed using a Beckman-Coulter elite flow cytometer
using a 610 long pass filter for data collection. Data were filtered, and cell
cycle phases were quantified using the Modfit program (Verity Software,
Bowdoin, ME).
Microscopy. Cells were grown on well slides (Labtek, Inc.) in tandem with
cells for nuclear-cytoplasmic extracts and cell cycle analysis and similarly
treated with Tet and HU. At harvest, cells were washed with PBS, fixed with
0.5– 4% paraformaldehyde (depending on subsequent staining procedures),
and stored at 4°C. Before slide imaging, slides were stained with Hoechst
33342 (Sigma Chemical Co.) to visualize nuclei. Cells were viewed with a
Nikon ECLIPSE E800 fluorescence microscope fitted with filters for EGFP
and Hoechst 33342 identification and equipped with a computer-supported
imaging system (SpotCAM; Diagnostic Instruments, Inc.). Background correction settings with the computer support were standardized for all slides in a
given time course series. Images were processed using the Adobe Photoshop
program. At least seven fields of each slide were examined to note nuclear and
cytoplasmic cellular EGFPC1-PTEN-WT. To further confirm nuclear entry of
EGFPC1-PTEN-WT, the nucleus was also identified by staining cells with a
monoclonal antibody to CDK2 (Santa Cruz Biotechnology), a noncycling
nuclear protein, and, subsequently, an antimouse rhodamine secondary antibody (Pierce Biotechnology, Inc.). Cells were viewed and imaged using the
system described above and a rhodamine filter.

NUCLEAR PTEN IN MCF-7 CELLS
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Fig. 2. Relationship of nuclear and cytoplasmic
PTEN during the cell cycle in MCF-7 cell lines. A,
vector only (pTre2Hyg). Peak G0-G1 fraction occurred at 0, 4, and 24 h after HU release; the
highest S-phase percentage occurred at 7– 8 h. B,
PTEN-WT (pTre2Hyg PTEN-WT). Peak G0-G1
fraction occurred at 0 and 24 h after HU release; the
highest S-phase percentage occurred at 6 –7 h. C,
EGFPC1-PTEN-WT (pTre2Hyg EGFPC1-PTENWT). Peak G0-G1 fractions occurred at 0, 4, and
24 h after HU release; the highest S-phase percentage occurred at 7– 8 h.

HU release, reached S phase by 6 –9 h, and returned to 60% G0-G1 by
24 h. The similarity of cell cycle timing allowed the comparison of the
cycled EGFPC1-PTEN-WT grown on slides with Western blots from
all three cell lines. Cytoplasmic and nuclear extracts from time points
throughout a cell cycle were then subjected to Western blot analysis
for PTEN (Fig. 3). Ponceau S staining confirmed equal protein loading (Fig. 3A). All three cell lines had nuclear and cytoplasmic PTEN,
the levels of which clearly varied with the cell cycle (Fig. 3, A–C). In
the case of the EGFPC1-PTEN-WT, both EGFPC1-PTEN (top band)
and endogenous PTEN (bottom band) can be noted on the Western
blots (Fig. 3C). Differential levels of nuclear and cytoplasmic PTEN

were associated with changes in the percentages of cells in a given
phase at the time of harvest. In general, the highest levels of nuclear,
as well as cytosolic, PTEN were associated with the greatest proportion of cells in G0-G1 at the 0, 4, and 24 h time points (Figs. 2 and 3).
Note that nuclear (and cytoplasmic) PTEN levels began to increase at
the 12 h time point as the cells begin to leave G2-M and enter G1 (Fig.
3). Overexpression of PTEN in this cell line has been shown by our
laboratory and others to induce G1 arrest (11–13). Therefore, in
addition to PTEN⬘s cytosolic signaling leading to G1 arrest, our
observations of increased nuclear PTEN at and around G0-G1 may
suggest that PTEN can also act in the nucleus to effect G1 blockade.
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Although a G1 block was not observed here in the cell lines overexpressing PTEN, cells in this series were synchronized in contrast to
previously published studies with freely cycling cells. Normal cells
proliferate in the presence of PTEN, and therefore PTEN alone does
not control cell cycle progression (15). Lower PTEN levels were
associated with an increase in cells in the S phase for all cell lines,
although the precise time point varied slightly both with individual
experiments and with the construct. However, the overexpression of
neither PTEN-WT nor EGFPC1-PTEN-WT appeared to affect the
kinetics of the cell cycle or the entry of PTEN into the nucleus.
The biochemical data demonstrating differential levels of nuclear
and cytoplasmic PTEN with the cell cycle were corroborated by those
noted by directly visualizing EGFPC1-PTEN-WT in slide well-grown
MCF-7 cells (Fig. 4A). PTEN expression was visualized as GFP
expression, i.e., green fluorescence; nuclei were marked with blue
DNA stain (Hoechst 33342); and thus, the overlap could be delineated. As with the biochemical observations above, both nuclear and
cytoplasmic PTEN protein levels changed with the cell cycle (Fig. 3).
Although PTEN was still apparent in the nucleus at the 8, 9, and 10 h
time points after HU release, a markedly decreased intensity was
observed in the majority of cells (Fig. 4A). The highest levels of
nuclear EGFPC1-PTEN were seen at the 0 and 24 h time points,
followed by that at the 12 h time point. The changes in nuclear PTEN
can be further appreciated in the overlap panels of Fig. 4, where the
overlap of green nuclear PTEN and dark blue DNA stain appears as
a light blue-green that is particularly intense at the 0, 12, and 24 h time
285
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Fig. 3. PTEN in nuclear (Nuc) and cytoplasmic (Cyt) extracts from MCF-7-transfected
cells after cell synchronization in G0-G1 and release. Cells were released and harvested at
time points over a 24 h peroid. Equal loading was confirmed with Ponceau S staining (Pon
Nuc). These blots are representative of at least five time course experiments for each cell
line and do not show all time points collected or tested. A, vector only (pTre2Hyg).
Nuclear PTEN protein levels were increased at the 0, 4, 12, and 24 h time points. B,
PTEN-WT (pTre2Hyg PTEN-WT) levels in the nuclei were increased at the 0, 4, 12, and
24 h time points. An additional nuclear time course is shown to demonstrate similarity of
results. C, EGFPC1-PTEN-WT (pTre2Hyg EGFPC1-PTEN-WT) nuclear concentrations
were increased at the 0, 4, 12, and 24 h time points.

Fig. 4. Localization of EGFPC1-PTEN-WT in MCF-7 cells harvested at time points
after release from the cell cycle. A, colocalization of EGFPC1-PTEN-WT with Hoechst
33342. Left, EGFPC1-PTEN expression is represented in green. Middle, Hoechst 33342
filtered for DNA staining is represented in dark blue. Right, the overlap of images from
the left and middle where light blue-green represents the overlap of green EGFPC1-PTEN
and blue DNA staining, whereas the dark blue represents DNA staining alone. Each image
is representative of a minimum three sets of slides for each time point. Note should be
made of the most intense GFP staining at the 0, 12, and 24 h time points, with the least
intense staining observed at the 8, 9, and 10 h time points. The closed white arrow (9 h
time point) indicates potential accumulation of EGFPC1-PTEN at the outer face of the
nuclear membrane in some cells. Tet abrogated EGFPC1-PTEN-WT expression (⫹Tet) in
the bottom row of images. B, EGFPC1-PTEN colocalization with CDK2, a nuclear
protein. Left, EGFPC1-PTEN is represented in green. Middle, rhodamine-tagged CDK2 is
represented in red. Right, the overlap of EGFPC1-PTEN and CDK2 is represented in
yellow. Only the 0, 8, and 24 time points are shown as representative of panels similar to
those shown in A. Nuclear PTEN was highest at the 0 and 24 h time points and lowest at
the 8 h time point after release from HU.

NUCLEAR PTEN IN MCF-7 CELLS

these studies, PTEN therefore still functions in this compartment. A
new role for PTEN in the nucleus and the relationship of nuclear
PTEN to cell cycle-related proteins should also be examined.
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points, where nuclear PTEN levels peak. The dark blue DNA-only
stain is more evident in the 8, 9, and 10 h time points, where nuclear
PTEN levels are at the nadir (Fig. 4A). Interestingly, at the 8 –10 h
time points, when nuclear PTEN is at its lowest point, an increased
concentration of PTEN can be seen as a halo around or at the nuclear
membrane (Fig. 4A). This may represent an area of increased cytoplasmic density, as suggested by other researchers (16) examining
PTEN in fibroblasts; whether PTEN accumulates at the nuclear membrane merits further investigation. A recent study of protein-protein
interactions showed that PTEN, through its C2 domain, could bind the
MVP (17). Some members of the vault family bind proteins near the
nuclear membrane, enabling them to become adjacent to the nuclear
pore. PTEN could use MVP to cross the nuclear membrane. These
observations with Hoechst 33342 nuclear stain were correlated with a
second series of studies in which cells were incubated with antibodies
to CDK2, a nuclear protein, and a secondary antibody tagged with
rhodamine to visualize the CDK2. The results of the time course after
release from HU were similar to those of samples with EGFPC1PTEN and Hoechst staining alone. Higher levels of nuclear PTEN
occurred at time points corresponding to G0-G1, and less nuclear
PTEN was found when cells were in S phase. Again, EGFPC1-PTEN
is shown as green in the first column, CDK2 is shown as red in the
second column, and the overlap could be clearly observed as yellow
in the third column (Fig. 4B). Time points examined were the same as
those shown with the Hoechst stain only in Fig. 4A, but only the 0, 8,
and 24 h time points are shown as representative of the time course
(Fig. 4B). Nuclear PTEN again appears to be most prominent in the 0
and 24 h time points when cells are in G1 as shown by the yellow
overlap of CDK2 and EGFPC1-PTEN in the nucleus. Decreased
nuclear PTEN, as shown by the red stain only in the nucleus, in the 8 h
post-HU release sample occurred when cells were primarily in S
phase.
Through the use of fluorescent antibodies and other techniques,
PTEN has been shown in the cytoplasm in MCF-7 (11); U87, U178,
and LN229 (18); and 293T (19) cancer cell lines. Our current observation is the first to directly demonstrate the presence of nuclear
PTEN in MCF-7 breast cancer cells. PTEN does not have a traditional
NLS; therefore, previous immunohistochemical and anecdotal observations of PTEN in the nucleus may be artifacts of experimentation.
However, we have now directly demonstrated, using biochemical and
cell biological strategies, that PTEN can exist in the nucleus of the
MCF-7 breast cancer cell line. Although localization mechanisms
typically require a NLS and accessory proteins to negotiate the nuclear pore complex, PTEN may have an alternatively structured sequence. The traditional NLS is a repeat of positive aa with flanking
proline, but proteins may have a less traditionally structured region
termed a nuclear-cytoplasmic shuttling sequence or a bipartite NLS
sequence (20). PTEN may have one of these less typical NLSs. Also,
the postsynaptic density protein/Drosophila disc large/zona occludens-1 domain or other areas, such as that shown with the C2 domain
interaction with MVP, may offer mechanisms for the binding of
PTEN to a partner protein for nuclear import. Furthermore, naturally
occurring germ-line or somatic mutations displaying altered nuclear
PTEN may offer insight into areas that promote nuclear entry or
export. Our unambiguous demonstration of PTEN in the nucleus
makes identification of either a nontraditional NLS or partnering
proteins with a NLS a feasible target for further exploration. In
addition, because we observe peak nuclear PTEN levels at or before
G0-G1 and nadir at S phase, we postulate that PTEN may also play a
role in the nucleus to help coordinate, at the least, cell cycle arrest.
Because total sequestration from the cytoplasm was not observed in

