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Mutational inactivation of the adenomatous polyposis coli (APC)
tumor suppressor initiates most hereditary and sporadic colon
carcinomas. Although APC protein is located in both the cytoplasm
and the nucleus, the protein domains required to maintain a
predominantly cytoplasmic localization are unknown. Here, we
demonstrate that nuclear export of APC is mediated by two
intrinsic, leucine-rich, nuclear export signals (NESs) located near the
amino terminus. Each NES was able to induce the nuclear export of
a fused carrier protein. Both APC NESs were independently able to
interact with the Crm1 nuclear export factor and substitute for the
HIV-1 Rev NES to mediate nuclear mRNA export. Both APC NESs
functioned within the context of APC sequence: an amino-terminal
APC peptide containing both NESs interacted with Crm1 and
showed nuclear export in a heterokaryon nucleocytoplasmic shut-
tling assay. Also, mutation of both APC NESs resulted in the nuclear
accumulation of the full-length, ;320-kDa APC protein, further
establishing that the two intrinsic APC NESs are necessary for APC
protein nuclear export. Moreover, endogenous APC accumulated
in the nucleus of cells treated with the Crm1-specific nuclear export
inhibitor leptomycin B. Together, these data indicate that APC is a
nucleocytoplasmic shuttle protein whose predominantly cytoplas-
mic localization requires NES function and suggests that APC may
be important for signaling between the nuclear and cytoplasmic
compartments of epithelial cells.

Mutational inactivation of the adenomatous polyposis coli
(APC) tumor suppressor gene initiates the vast majority of

colorectal carcinomas through the development of the adeno-
matous polyp, now recognized as a common precursor of colon
cancer (1). These inactivating mutations span the amino-
terminal half of the gene and typically result in production of a
truncated APC protein. Although APC protein must ordinarily
function to regulate colonocyte growth and differentiation, as
indicated by the formation of adenomas in its absence, we do not
yet fully understand how truncating APC mutations predispose
a cell to polyp development and colorectal carcinogenesis.

An intensely examined function of the APC protein is regu-
lation of cytoplasmic b-catenin levels through targeting of
cytoplasmic b-catenin for proteolysis (2–4). In addition to its
role linking E-cadherin and actin at adherens junctions, b-cate-
nin participates in Wnt signaling. The Wnt pathway can play an
important role in neoplastic transformation of mammalian cells
(5, 6), as indicated by the findings that mutations in the b-catenin
gene that prevent APC-mediated phosphorylation and proteo-
lytic degradation (7, 8) are often found in colon and other
tumors. These observations indicate that b-catenin regulation is
important in APC tumor suppressor function.

Using immunofluorescence microscopy and biochemical frac-
tionation, we have previously shown that full-length wild-type
APC protein localizes to both the cytoplasm and the nucleus of
human epithelial cells (9). Others have confirmed the presence
of APC protein in the nucleus of murine intestinal cells, Xenopus
A6 cells, and Drosophila epithelial cells (10–12). However, in

many cells, APC appears to be predominantly cytoplasmic, with
a concentration near the leading edge (9, 13). Proteins with such
complex cellular distribution patterns have the potential to
transmit signals between the cytoplasmic and nuclear compart-
ments. Given APC protein’s participation in the Wntyb-catenin-
mediated signaling pathway, we sought to characterize whether
APC has the capacity to convey information between the nucleus
and the cytoplasm.

Here, we demonstrate nuclear export of APC protein via two
intrinsic nuclear export signals (NESs) and nuclear-cytoplasmic
shuttling of APC protein through association with the export
receptor Crm1. Demonstration that APC protein shuttles be-
tween compartments via inherent nuclear import and export
signals indicates that this tumor suppressor protein might par-
ticipate in signal transduction between these two compartments.

Materials and Methods
Tissue Culture. All mammalian cell lines were maintained in
37°C incubators with 5% CO2. Cos7, 293T, 3T3, and HeLa cells
were grown in DMEM with 10% FBS, and cells from the
mouse fibroblast cell line REF52 were cultured as previously
described (14).

Molecular Clones. Glutathione S-transferase (GST)ypeptide fu-
sion expression constructs were made by cloning APC sequences
into the bacterial expression vector pGEX-2T128y129, which
contains a FLAG epitope tag in the peptide linker (14). For
fusions of GST with putative APC NES (NES1APC or NES2APC),
DNA oligonucleotides were synthesized to encode the appro-
priate NES with EcoRI overhangs on both ends and cloned into
pGEX-2T128y129. Mutant NESs, containing the Leu 3 Ala
mutations underlined in Fig. 1A, were generated in either
NES1APC or in both NES1APC and NES2APC in an expression
construct containing a Flag epitope tag fused to the 59-end of
full-length APC cDNA, using a PCR mutagenesis strategy (15).

The following mammalian expression plasmids have been
previously described: the parental expression plasmid pBC12y
cytomegalovirus (CMV); plasmids expressing the wild-type or
M32 mutant form of HIV-1 Rev; plasmids expressing a Gal4y
Crm1 or a Crm1yTat fusion protein; the indicator plasmids
pDM128yCMV, pSLIIByCAT, and pG6(231)HIVLTRDTAR
(16–18). pBC12yCMV-based plasmids expressing fusions of the
Rev RNA binding domain to candidate wild-type or mutant
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NES1APC or NES2APC were constructed, as previously described
(19). Synthetic oligonucleotides, bearing cohesive BglII and XhoI
ends, that encode wild-type or mutant forms of the candidate
APC NES1 (68-LLERLKELNLD-78) or NES2 (162-LQNLT-
KRIDSLPLT-175) were inserted into pcRevM9, 39 to the Rev
cDNA. The NES1APC and NES2APC mutants contain alanine in
place of the underlined leucine residues. A pBC12yCMV-based
construct encoding APC residues 1–270, either wild-type or
containing both NESAPC mutations, fused to the herpes simplex
virus VP16 activation domain and the simian virus 40 (SV40) T
antigen nuclear localization signal, was constructed as previously
described (16) after PCR amplification of the wild-type or
mutant APC sequence from an APC expression plasmid.

Purification and Injection of APC Fusion Proteins. Injection of puri-
fied GST fusion proteins into REF52 cells and subsequent
immunofluorescence microscopy were performed as previously
described (14).

Cellular Localization of APC Protein Following Leptomycin B Treat-
ment. HeLa cells were treated with 10 mg/ml leptomycin B (a
generous gift from Minoru Yoshida) for 2 h and then fraction-
ated as described (9). Equivalent amounts of cytosolic and
nuclear fractions were separated by SDSyPAGE and analyzed by
Western immunoblot with APC antibody Ab-1 (1:150, Oncogene
Science). Relative purity of the fractions was confirmed by
probing for the nuclear marker lamin (1:10, American Research,
Beltsville, MD) and the cytoplasmic marker tubulin (1:200,
ICN). Following development with ECL substrate (Amersham
Pharmacia), images were captured using a Lumi-Imager, and
bands were quantitated using Lumi-Analyst software (Boeh-
ringer Mannheim). A standard Student’s t test was performed
using Graph Pad Prism (San Diego, CA) for data analysis.

Localization of APC Protein Expressed in Cos7 Cells Following Tran-
sient Transfection. Plasmid DNA was used for transfection with
Qiagen Superfect (Boehringer Mannheim) or Fugene 6 (Life
Technologies) as instructed by the manufacturer. Cells were

fixed 24 h posttransfection and stained for APC protein using
anti-Flag antibody (1:32,000, Sigma) as described (9). Nuclei
were visualized with 49,6-diamidino-2-phenylindole stain for
immunof luorescence microscopy or TO-PRO3 (Molecular
Probes) for confocal microscopy. Confocal microscopy was
performed with an Olympus Fluoview scanning laser biological
inverted microscope, IX70. For protein localization studies, 100
transfected cells for each condition were scored for Flag-APC.
Results were analyzed as the mean 6 SD from three indepen-
dent experiments.

Rev Activity Assay. Rev activity was measured using the previously
described pDM128yCMV indicator construct (17, 20), which
bears the chloramphenicol acetyltransferase (CAT) indicator
gene and the HIV-1 Rev response element sequestered between
functional 59 and 39 splice sites. Human 293T cells were trans-
fected with pDM128yCMV and the relevant wild-type or mutant
Rev expression plasmid, and induced CAT activity was measured
at '44 h after transfection.

Two-Hybrid Interaction Assays. The pSLIIByCAT indicator plas-
mid contains an HIV-1 long-terminal repeat promoter in which
the TAR element, the normal RNA target for the HIV-1 Tat
transcription factor, has been replaced with the SLIIB Rev RNA
binding site (16). As previously shown, coexpression of a Crm1y
Tat fusion protein with wild-type Rev, but not with a Rev NES
mutant, results in the activation of pSLIIByCAT-dependent
CAT expression due to the recruitment of Tat to SLIIB by the
Crm1–Rev NES interaction (16). To test whether other candi-
date NES sequences can also bind Crm1, 293T cells were
transfected with pSLIIByCAT, pCrm1yTat, and wild-type or
chimeric Rev expression plasmids, and CAT activity was deter-
mined at '44 h posttransfection.

An alternative two-hybrid assay used the CAT-based indicator
plasmid, pG6(231)HIVLTRDTAR, that contains reiterated
GAL4 DNA binding sites 59 to a minimal promoter element
(18). Protein interactions are measured by coexpression of a
fusion protein bearing the GAL4 DNA binding domain, in this
case GAL4yCrm1, and a second fusion protein bearing the VP16
activation domain and the SV40 T antigen nuclear localization
signal (NLS), in this case containing wild-type or mutant forms
of APC residues 1–270. These plasmids were introduced into
293T cells by transfection, and induced CAT activities were
measured '44 h later (16).

Heterokaryon Nucleocytoplasmic Shuttling Assay. The heterokaryon
assay was carried out as previously described (21) with the
following exceptions. After fixation and permeabilization (19),
the APC fusion proteins were visualized in the heterokaryons by
indirect immunofluorescence using a monoclonal mouse anti-
VP16 antibody (Santa Cruz Biotechnology) and rhodamine-
conjugated goat anti-mouse antibody (Cappel). Figures were
photographed using a Leica DMRB fluorescence microscope at
a 1003 magnification.

Results
APC Protein Contains Two Functional Nuclear Export Signals. Analysis
of the amino acid sequence of APC revealed two potential
leucine-rich nuclear export signals, one located between amino
acids 68–77 (NES1APC) and the other between amino acids
165–174 (NES2APC) (Fig. 1 A). The NES1APC and NES2APC
sequences are conserved among APC proteins from human,
mouse, rat, and frog (Fig. 1B). To determine whether NES1APC
or NES2APC was able to direct nuclear export, GST-Flag–
NESAPC fusion proteins were microinjected into the nucleus of
rat fibroblast cells and localized by immunofluorescence (Fig.
2A, right panels). Injected cells that displayed only cytoplasmic
staining with a Flag antibody, and only nuclear staining of the

Fig. 1. Two NES sequences in APC protein. (A) Alignment of the two putative
NES sequences of APC protein with previously characterized leucine-rich NES
of HIV-1 Rev, TFIIIA, PKI-a, and mitogen-activated protein kinase kinase.
Boxed amino acids indicate important hydrophobic residues (leucine or iso-
leucine). Underlined amino acids are critical leucine residues, which are
changed to alanine in mutant forms of NES1 and NES2. (B) Conservation of the
first NES sequence of APC protein among different species. The second NES is
identical among species.
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BSA control protein, indicate that the test substrate has been
exported from the nucleus.

As shown in Fig. 2 A, GST-Flag alone was not exported from
injected nuclei. Addition of NES1APC to GST-Flag, however,
resulted in efficient nuclear export. The NES2APC also directed
nuclear export of GST-Flag, with a significant proportion (15%)
of cells showing a fairly complete shift of GST-NES2APC to the
cytoplasm, and many of the remaining cells showing an increase

in cytoplasmic labeling relative to the BSA injection control (Fig.
2A, middle panels). These results indicate that NES1APC and
NES2APC are each sufficient to target GST protein for nuclear
export. We have also tested NES1APC from rodent APC for its
ability to target GST for nuclear export. Although the rodent
NES1 sequence does not strictly conform to the NES consensus
(Fig. 1B), it did target GST-Flag for nuclear export in 100% of
the 237 cells injected (data not shown).

Fig. 2. Both APC NESs are functional. (A) APC NESs can direct nuclear export of a linked protein. GST was purified from Escherichia coli either unmodified or
fused with NES1APC or NES2APC. Proteins were injected along with FITC-BSA into the nuclei of REF52 cells. Cells were incubated for 15–30 min at 37°C to allow
for nuclear export and then fixed and stained for immunofluorescence microscopy as follows: nuclei, 49,6-diamidino-2-phenylindole (DAPI) counterstain (blue),
FITC-BSA injection control (green), and Flag-tagged GST fusion protein (red). Nuclear export, defined as cells with only cytoplasmic GST-Flag staining and only
nuclear BSA control staining, is shown to the right as a percentage of the cells scored. (Scale bar, 20 mm.) (B) NES1APC and NES2APC can each functionally substitute
for the HIV-1 Rev NES. NES1APC or NES2APC, but not mutant (M) forms of these NESs, are able to substitute for the HIV Rev NES in mediating the nuclear export
and expression of the CAT mRNA expressed by the pDM128yCMV indicator construct. Results represent the average of three independent experiments with
standard deviation as indicated.
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To further examine the functionality of NES1APC and
NES2APC, we tested whether either could substitute for the NES
sequence in the HIV Rev protein. Chimeric proteins, RevyNES1
and RevyNES2, retain the HIV-1 Rev RNA binding and mul-
timerization domains but carry either NES1APC or NES2APC in
place of the Rev NES. The constructs were tested for Rev activity
by transient transfection of human 293T cells together with a
reporter construct, pDM128yCMV (16). pDM128yCMV en-
codes the cat indicator gene and the HIV-1 Rev response
element located between intact 59 and 39 splice sites. Nuclear
export, and hence expression, of the unspliced CAT mRNA thus
requires coexpression of functional Rev protein. As seen in Fig.
2B, this construct induced only a low level of CAT activity when
transfected alone into human 293T cells (Neg). However, co-
transfection with a plasmid encoding wild-type HIV-1 Rev
(Rev), but not with a plasmid encoding an NES-mutant Rev
(RevyM32), greatly enhanced the CAT activity. The chimeric
plasmids, RevyNES1APC and RevyNES2APC, each significantly
enhanced CAT expression. Although the activity induced by the
RevyNES1APC chimera was equivalent to that of wild-type Rev,
the RevyNES2APC was only moderately active. Finally, two
RevyNESAPC chimeras carrying mutated NESAPC (alanines
substituted for two critical leucine residues underlined in Fig.
1A, RevyNES1M and RevyNES2M) failed to induce CAT
activity. Western analysis indicated equivalent expression levels
for each of these four chimeric proteins in transfected 293T cells
(data not shown).

APC NESs Are Functional Within the Context of the APC Sequence.
Using a mammalian two-hybrid assay (16), we determined that
NES1APC and NES2APC were each able to interact with Crm1
in vivo (data not shown). Crm1 is an NES receptor that
functions in the nuclear export of proteins carrying leucine-
rich NES sequences. To assess whether NES1APC and
NES2APC interact with Crm1 in the context of native APC
protein sequence, we again used a mammalian cell two-hybrid
system. In this system, CAT protein is expressed from an
indicator plasmid only if the APC(1–270) peptide, fused to
both a transcription activation domain and an NLS, recruits
Crm1, which is fused with a DNA binding domain. Amino acids
1–270 of the APC protein were fused with the VP16 transcrip-
tion activation domain and the SV40 T antigen nuclear local-
ization signal (VP16-NLSSV40-APC1–270). For analysis, 293T
cells were cotransfected with the VP16-NLSSV40-APC1–270
construct, a CAT-based indicator plasmid, pG6(231)HIV-
LTRDTAR, which contains reiterated GAL4 DNA binding
sites 59 to a minimal promoter element (18), and an expression
plasmid that encodes a fusion protein consisting of the GAL4
DNA binding domain fused to Crm1 (GAL4yCrm1) (16). This
resulted in a $200-fold activation in CAT protein expression.
A similar transfection but with a VP16 construct instead of the
VP16-NLSSV40-APC1–270 construct showed little or no CAT
expression (Fig. 3A). Cotransfection with the VP16-NLSSV40-
APC1–270 construct containing mutant NESAPC sequences also
did not lead to enhanced CAT activity. Western blot analysis
demonstrated that the expression levels of the different chi-
meric proteins were comparable (data not shown). The acti-
vation mediated by the VP16-NLSSV40-APC1–270 construct
thus ref lects recruitment of the VP16 activation domain to the
pG6(231)HIVLTRDTAR indicator plasmid due to a Crm1–
NESAPC interaction, confirming that APC(1–270) interacts
with the Crm1 nuclear export factor and that this interaction
requires intact NESAPC sequences.

To address further whether NES1APC and NES2APC function
within the context of native APC protein sequence, the VP16-
NLSSV40-APC1–270 construct was analyzed in a heterokaryon
assay. VP16-NLSSV40-APC1–270 localizes to the nucleus when
expressed in human HeLa cells. HeLa cells transfected with the

VP16-NLSSV40-APC1–270 expression plasmid were allowed to
synthesize protein for 36 h. These cells were treated with a
protein synthesis inhibitor and fused with murine 3T3 cells using
polyethylene glycol. If the APC NESs were functional in nuclear
export, this chimeric protein would be expected to move from
the HeLa nuclei into the cytoplasm and subsequently enter the
murine nuclei. As shown in Fig. 3B, by 2 h postfusion the
chimeric protein had migrated into the murine nuclei (APC(1–
270), arrows). In contrast, a chimeric protein in which the
two candidate APC NESs had been mutated (APC(1–
270),mNES1,2) failed to migrate from the human nuclei into the
murine nuclei. Thus, NES sequences within the context of
APC(1–270) direct rapid export from the nucleus.

Cytoplasmic Localization of APC Protein Depends on NES Function.
To determine whether the cytoplasmic localization of full-
length APC protein depends on the NES1APC and NES2APC

Fig. 3. APC(1–270) interacts with Crm1 and is exported from nuclei. (A)
APC(1–270) containing wild-type NES1APC and NES2APC, but not mutant forms,
was able to interact with the human Crm1 nuclear export receptor in a
mammalian two-hybrid assay. See Results for assay description. Results rep-
resent the average of three independent experiments with standard deviation
as indicated. (B) Nucleocytoplasmic shuttling of an APC protein domain. A
fusion protein consisting of APC residues 1–270 with wild-type [APC(1–270)] or
mutant (mNES1,2) forms of NES1APC and NES2APC linked to the VP16 transcrip-
tion activation domain and the SV40 T antigen NLS was expressed in HeLa cells
by transfection. Following fusion to mouse 3T3 cells in the presence of
cycloheximide, the resultant heterokaryons were incubated for 2 h, fixed, and
then examined by immunofluorescence for nucleocytoplasmic shuttling of the
APC fusion protein between the human and murine nuclei. The murine nuclei
are identified by their punctate staining with the dye Hoechst 33258 and are
indicated by arrows.
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sequences, a full-length APC expression construct with an
N-terminal Flag epitope tag was introduced into Cos-7 cells by
transient transfection for immunof luorescence analysis. As
expected, in the great majority (84%) of the transfected cells,
Flag-APC protein was seen predominantly in the cytoplasm,
often displaying a filamentous staining pattern (Fig. 4A,
Flag-APC) as previously described (22, 23). In the remaining
16% of the cells, APC was observed in both cytoplasm and
nucleus. If full-length APC shuttles between the nucleus and
the cytoplasm, and if the shuttling depends on the NESAPC
sequences, mutation of the nuclear export signal(s) should lead
to accumulation of nuclear APC. As shown in Fig. 4A, APC
protein carrying mutant NES1APC and NES2APC increased the
incidence of nuclear staining to 82%. Furthermore, 68% of the
cells displayed only nuclear staining, with no visible cytoplas-
mic staining. Intranuclear staining was confirmed by confocal
microscopy (data not shown). To confirm that the various APC
proteins had similar expression levels and stabilities, 293T cells
were transfected with the various f lag-APC constructs, and
protein levels were measured in cell lysates. Protein expression
levels varied by less than 20% (data not shown). These results
demonstrate that NES1APC and NES2APC are necessary for the
cytoplasmic localization of full-length APC protein and
strongly support their functionality as nuclear export signals.

Endogenous APC Shuttles Between the Nucleus and the Cytoplasm. To
determine whether endogenous APC is exported from the
nucleus, the distribution of APC in HeLa cells was examined
after treatment with leptomycin B (LMB), a specific inhibitor of
Crm1-dependent nuclear export (24). If endogenous APC shut-
tles between nucleus and cytoplasm, and its nuclear export is
dependent on Crm1, then LMB should induce accumulation of
APC in the nucleus. HeLa cells treated with LMB were sepa-
rated into cytosolic and nuclear fractions, and APC protein was
quantitated with Western immunoblots. Five independent ex-

periments showed a .3-fold increase in the nuclearycytoplasmic
ratio of full-length APC protein following 8 h of LMB treatment
(Fig. 4B). In untreated cells, APC localized to both the cyto-
plasmic and the nuclear compartments, with a nucleary
cytoplasmic ratio of 0.26. After 8 h of LMB treatment, the
nuclearycytoplasmic ratio was 0.87 (P 5 0.0017). This demon-
strates that blocking nuclear export by LMB leads to
the accumulation of endogenous APC in the nucleus and
indicates that endogenous APC shuttles between the nucleus
and cytoplasm.

Discussion
We have demonstrated that APC protein shuttles between the
nucleus and cytoplasm, a novel activity of potential importance
in tumor suppression. The nuclear export of APC protein
depends on a functional interaction between the nuclear export
factor Crm1 and two amino-terminal nuclear export signals
(NES1APC and NES2APC,). Either NESAPC can mediate nuclear
export of target RNAs when substituted for the essential Rev
NES (Fig. 2B). Each NESAPC is able to interact with Crm1 (data
not shown) and mediate nuclear export of a linked GST protein
(Fig. 2 A). Moreover, these sequences functioned as NESs when
examined within their native context. Specifically, the N-
terminal 270 aa of APC, which contains both NES1APC and
NES2APC, also interacted with Crm1 (Fig. 3A), and this domain
was sufficient to confer nuclear export when linked to a heter-
ologous NLS and analyzed using a heterokaryon shuttling assay
(Fig. 3B).

Two lines of evidence demonstrate that the wild-type NES
sequences are also able to export full-length APC protein. First,
APC protein lacking NES1APC and NES2APC displayed a mark-
edly higher level of nuclear localization than wild-type APC
protein when expressed in Cos7 cells (Fig. 4A). Second, treat-
ment of HeLa cells with LMB, an inhibitor of leucine-rich
NES-dependent nuclear export, led to an increase in the nuclear

Fig. 4. Mutation of the NESs in full-length APC results in accumulation of protein in the nucleus. (A) Cos7 cells were transfected with plasmids that express
Flag-tagged APC protein (APC) or Flag-APC with mutations in both NES1APC and NES2APC, APC(mNES1,2). At 24 h posttransfection, cells were prepared for
immunofluorescence microscopy using an antibody raised against the Flag epitope (green, left panels). Nuclei were visualized using 49,6-diamidino-2-
phenlindole (DAPI) stain (blue, right panel). Scoring 100 cells for FLAG-tagged APC protein distribution revealed that mutation of both NES1APC and NES2APC

resulted in accumulation of APC protein in the nucleus. (Scale bar, 10 mm.) (B) LMB treatment leads to an increase in endogenous APC protein in the nuclear
fraction of HeLa cells. Following a 2-h treatment with LMB, HeLa cells were fractionated, and proteins from cytosolic and nuclear fractions were separated by
SDSyPAGE. APC was identified by Western immunoblot using an ECL substrate. Bands from images captured with a Lumi-imager were quantitated, and values
for five independent experiments were expressed as nuclearycytoplasmic ratio (NyC) of full-length APC protein 6SD.
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accumulation of endogenous APC (Fig. 4B). APC localization is
thus dynamic, with its predominant steady-state localization in
the cytoplasm dependent on the activity of NES1APC and
NES2APC.

Subcellular redistribution and compartmental sequestration
of proteins have emerged as important mechanisms in the
regulation of cellular response. The idea that APC is located in
both nucleus and cytoplasm led to speculation that APC might
shuttle between these two subcellular compartments (25). In-
deed, the present study has demonstrated that APC protein
contains two functional, leucine-rich, Crm-1-dependent NESs,
which facilitate shuttling of APC protein between the cyto-
plasm and nucleus. This demonstration leads us to speculate

that the nuclear APC protein might impact the Wnt signaling
pathway by directly effecting the abundance or activity of
nuclear b-catenin, as has been previously shown for cytoplas-
mic APC and b-catenin.
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