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�-Catenin plays multiple roles in cell-cell adhesion and Wnt signal transduction. Through the Wnt signal,
the cellular level of �-catenin is constitutively regulated by the multicomponent destruction complex containing
glycogen synthase kinase 3�, axin, and adenomatous polyposis coli. Here, we present multiple lines of evidence
to demonstrate that LZTS2 (lucine zipper tumor suppressor 2) interacts with �-catenin, represses the trans-
activation of �-catenin, and affects the subcellular localization of �-catenin. The LZTS2 gene is located at
10q24.3, which is frequently lost in a variety of human tumors. A functional nuclear export signal (NES) was
identified in the C terminus of the protein (amino acids 631 to 641). Appending this motif to green fluorescent
protein (GFP) induced nuclear exclusion of the GFP fusion protein. However, introducing point mutations in
either one or two leucine residues of this NES sequence abolished the nuclear exclusion of the LZTS2 protein.
The nuclear export of LZTS2 can be blocked by leptomycin B (LMB), an inhibitor of the CRM1/exportin-alpha
pathway. Intriguingly, �-catenin colocalizes with LZTS2 in the cytoplasm of cells in the absence of LMB but
in the nuclei of cells in the presence of LMB. Increasing the LZTS2 protein in cells reduces the level of nuclear
�-catenin in SW480 cells. Taken together, these data demonstrate that LZTS2 is a �-catenin-interacting
protein that can modulate �-catenin signaling and localization.

The Wnt/�-catenin signaling pathway plays critical roles in
embryonic development and tumorigenesis (31). The Wnt li-
gands bind their receptors, the Frizzled receptors, activating
different intracellular cascades through either the “canonical”
or “noncanonical” pathways (31). The importance of �-catenin
in tumorigenesis is supported by discoveries of mutations in
both �-catenin and components of the destruction complex
in a wide variety of human cancers (19, 33). The adenomatous
polyposis coli (APC) tumor suppressor binds to �-catenin and
the scaffold protein Axin to form the destruction complex that
promotes glycogen synthase kinase 3�-mediated phosphoryla-
tion of �-catenin. It has been shown that more than 80% of
colorectal cancers possess inactive mutants of the APC pro-
tein, which correlate with the increased levels of free �-catenin
in the cancer cells (24, 34). Most of these mutations target the
“mutation cluster region” in the center of the APC gene, re-
sulting in truncated proteins incapable of binding Axin and
other regulatory proteins or associating with microtubules,
which abolishes the destruction complex and results in �-cate-
nin accumulation (9, 33).

�-Catenin accumulates in the cytoplasm and nucleus in re-
sponse to Wnt signaling (33). The nuclear shift of �-catenin
reflects both an increase in total proteins and an enhanced
nuclear targeting of �-catenin (2, 38). It has been shown that
the central armadillo repeats of �-catenin directly bind the
nuclear pore complex, mediating its own nuclear import (20).
The CRM1/exportin nuclear export pathway has been pro-
posed in regulation of the nuclear export of �-catenin. Amino
acid sequences responsible for highly efficient nuclear export

(NES) have been identified in an increasing number of pro-
teins, such as the human immunodeficiency virus (HIV) type 1
Rev protein (8). The “classical” Rev-like NES is characterized
by a leucine-rich sequence that binds CRM1/exportin to facil-
itate the nuclear export of the protein (10, 11). The tumor
suppressor APC contains functional Rev-like NES motifs that
are necessary for its leptomycin B (LMB)-sensitive nuclear
exclusion (13, 27). It has been shown that ectopic and endog-
enous APC can associate with �-catenin in the nucleus and
induce a translocation of �-catenin from the nucleus to the
cytoplasm. While the precise role of APC in nuclear-cytoplas-
mic shuttling remains unclear, multiple lines of evidence sug-
gest that it can affect the subcellular distribution and degrada-
tion of �-catenin (13, 27).

Although previous studies have suggested that the nuclear
accumulation of �-catenin in colon cancer cells may correlate
with a loss of nuclear export function of mutated APC (36),
overwhelming evidence has suggested that it may also be reg-
ulated by an APC-independent mechanism (12, 18). Moreover,
�-catenin nuclear export can occur even when the CRM1 ex-
port pathway is blocked by LMB (6). Additionally, the over-
expression of CRM1 in an APC-mutated colon cancer cell line,
SW480, stimulated the export of endogenous nuclear �-catenin
(6). These findings suggest that other mechanisms may be
involved in the regulation of the nuclear export of �-catenin,
including a yet-undefined CRM1-dependent but APC-inde-
pendent pathway.

The FEZ1/LZTS1 (leucine zipper, putative tumor suppres-
sor 1) gene was identified by positional cloning from 8p21-22,
a region that is frequently lost in human tumors (15). Although
previous studies have shown that FEZ/LZTS1 may regulate
cell mitosis, little is known about its biological roles in cells.
Using a BLAST search, a sequence similar to that of FEZ1/
LZTS1, named leucine zipper tumor suppressor 2 (LZTS2)/
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LAPSER1, was identified within human 10q24.3, which is fre-
quently deleted in various human cancers (1). Like FEZ1/
LZTS1, LZTS2 contains several domains and motifs, including
leucine zippers. Overexpression of LZTS2 showed an inhibi-
tory effect on cell growth (1).

Here, we present multiple lines of evidence in vitro and in
vivo to demonstrate that LZTS2 is a novel �-catenin-interact-
ing protein and represses �-catenin-mediated transcription on
T-cell factor/lymphoid enhancing factor (TCF/LEF) and an-
drogen receptor-mediated transcription. Particularly, we iden-
tified a Rev-like leucine-rich, CRM1/exportin-regulated NES
sequence at the C terminus of LZTS2, through which LZTS2
can regulate the cellular localization of �-catenin. Our data
show that LZTS2, acting as a �-catenin-interacting protein,
regulates the cellular distribution and transcriptional activity of
�-catenin through its nuclear export activity.

MATERIALS AND METHODS

Yeast two-hybrid system. Yeast two-hybrid experiments were basically per-
formed as described previously (43). The full-length armadillo repeat region of
human �-catenin (amino acids [aa] 134 to 671) was fused in frame to the GAL4
DNA binding domain in the pGBT9 vector (Clontech, Palo Alto, CA). A cDNA
library from human brain tissues was used in this screening (Clontech). The
specificity of interaction with �-catenin was determined by a liquid �-galactosi-
dase (�-Gal) assay. pGBT9 constructs with different �-catenin fragments and
pGAD10 constructs with different LZTS2 fragments were created and used to
confirm the interaction.

Plasmid construction. A yeast clone containing the truncated cDNA fragment
of KIAA1813 (amino acids 118 to 669) was isolated in the screen. A BLAST
search found that the sequence of KIAA1813 is identical with those of LZTS2,
LAPSER, and several human expressed sequence tag cDNA clones. A full-
length LZTS2 fragment was created by combining the cDNA fragment that
encodes the amino-terminal region isolated from KIAA1813 cDNA and the
yeast clone isolated from the yeast two-hybrid assay in the pcDNA3 vector with
or without an amino-terminal FLAG epitope tag. Using this as a template, the
C-terminal and internal deletions of LZTS2 clones were generated by PCR with
specific primers containing the appropriate restriction enzyme sites. After cleav-
age, the fragments containing different portions of LZTS2 were cloned down-
stream of the GAL4 transactivation domain in the pACT2 vector (Clontech).
Mutants of LZTS2 with single or double point mutations within the NES were
generated by PCR-based mutagenesis. Plasmids encoding green fluorescent pro-
tein (GFP) fused to potential NES sequences from LZTS2 or from the human
immunodeficiency virus type 1 Rev protein were generated by inserting double-
stranded oligonucleotides into the pEGFP-C1 plasmid with appropriate restric-
tion enzyme sites (Clontech). The oligonucleotide sequences included HIV-Rev
(amino acids 75 to 83), 5�-TCGAGCTCTACCACCGCTTGAGAGACTTACT
CTT-3�; LZTS2 (amino acids 134 to 143), 5�-TCGAGAGCTGGAGAAGAAC
ATGGAGAAGATCCTGATC-3�; amino acids 389 to 397, 5�TCGAGAGCTG
CTGCAGCTGCAGGTGTTCCAGCTG-3�; aa 471 to 478, 5�-AATTCAGCG
CCACCCGCAGAGCCACCAGCTC-3; aa 571 to 580, 5�-TCGAGGCTTGC
GGGCCCAGGTGGAGCGATTGCGGGTG-3�; and aa 631 to 642, 5�-TC
GAGAGCTAGAGCAGGAGCTGCAGCAGCTCAGCCTGGAGCTG-3�. The
pLentiviral LZTS2 expression constructs were generated in the pLenti-super
vector (5).

Topflash (pGL3-OT) and Flopflash luciferease (pGL3-OF) reporters were
obtained from Bert Vogelstein. pSV-�-galactosidase is a commercial reporter
plasmid (Promega, Madison, WI).

Cell cultures and transfections. The monkey kidney cell line, CV-1, human
prostate cancer cell lines, PC3 and DU145, and human colon cancer cell line,
SW480.7, were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 5% fetal calf serum (HyClone, Denver, CO). An androgen recep-
tor-positive prostate cancer cell line, LNCaP, was maintained in T-medium
(Invitrogene, Carlsbad, CA) with 5% fetal calf serum.

Transient transfections were carried out using a Lipofectamine transfection kit
or Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Transient transfection and
reporter assays were performed as described previously (43). The relative light
units from individual transfections were normalized by �-Gal activity in the same

samples. Individual transfection experiments were done in triplicate, and the
results are reported as mean RLU/�-Gal (� standard deviation).

In vitro binding assay. Glutathione S-transferase (GST)–�-catenin fusion
proteins were constructed in the pGEX-4T-1 vector (Amersham, Arlington
Heights, IL). Expression and purification of GST fusion proteins were performed
according to the manufacturer’s instructions. Full-length human LZTS2 proteins
were generated and 35S labeled by in vitro transcription and translation with a
TNT-coupled reticulocyte lysate system (Promega). Equal amounts of GST fu-
sion proteins coupled to glutathione-Sepharose beads were incubated with 35S-
labeled proteins at 4°C for 2 h in the lysis buffer as described previously (43).
GST fusion proteins were then eluted by incubating them with buffer containing
10 mM glutathione and 50 mM Tris-HCl (pH 8.0) for 10 min at room temper-
ature. The bound proteins were analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), followed by autoradiography.

Antibody production. The polypeptide (amino acids 332-RDREAELQQLRD
SLDEN-350) was chosen from the central region of LZTS2 and synthesized as a
source of antigen for antibody production. A rabbit polyclonal, affinity-purified
antibody against human LZTS2 was produced by Proteintech Group, Inc. (Chi-
cago, IL). Antibody specificity for the LZTS2 protein was confirmed by Western
blotting and enzyme-linked immunosorbent assay.

Preparation of whole-cell lysates, immunoprecipitation, and Western blotting.
Cells transfected with �-catenin and LZTS2 expression constructs were washed
with phosphate-buffered saline (PBS) and resuspended in RIPA buffer (1%
NP-40, 0.1% SDS, 50 mM NaF, 0.2 mM Na3VO4, 0.5 mM dithiothreitol, 150 mM
NaCl, 2 mM EDTA, 10 mM sodium phosphate buffer, pH 7.2). Nuclear extracts
were prepared according to the method of Dignam et al., with minor modifica-
tions (4).

Whole-cell lysates or nuclear extracts were first precleared with protein A-
Sepharose beads for 1 h and then incubated with mouse or rabbit normal
immunoglobulin G (IgG) or specific antibodies conjugated with preequilibrated
protein A-Sepharose beads at 4°C for 2 h. The beads were collected by centrif-
ugation and washed. Proteins were eluted by boiling in SDS sample buffer,
resolved on 10% polyacrylamide gels, and transferred onto nitrocellulose mem-
branes. Membranes were blocked with 5% milk in Tris-buffered saline with
Tween for 1 h and then probed with anti-FLAG M2 (Sigma, St. Louis, MO) and
anti-�-catenin (Signaling Transduction lab, Lexington, KY), followed by incuba-
tion with species-specific horseradish peroxidase-conjugated antibodies.

Immunofluorescence. CV-1, PC3, or SW480.7 cells were plated onto chamber
slides 16 h before transfection. pcDNA3-FLAG-LZTS2, pcDNA3-FLAG-
LZTS2 (L638/640A), and pcDNA3-FLAG-APC were transfected with or with-
out pCMG2-HA-�-catenin into cells with the Lipofectamine reagent (Invitro-
gen). Transfected cells were incubated for 24 h and fixed for 10 min (CV-1) or
30 min (PC3 and SW480) with 4% paraformaldehyde. Cells were then perme-
ablized and blocked for nonspecific sites with 0.04% Triton X-100–5% goat
serum–PBS buffer for 30 min and incubated with appropriate primary antibodies
overnight at 4°C. Cells were washed three times, followed by incubation with
appropriate secondary antibodies. Samples were also counterstained with 1
ng/ml 4�,6�-diamidino-2-phenylindole (DAPI). The pEGFP-C1-NES constructs
were transfected into CV-1 or PC3 cells and were examined with an inverted
epiflourescence microscope (Zeiss, Thornwood, NY) after 16 h.

RESULTS

LZTS2 is a novel �-catenin-interacting protein. Using a bait
construct containing the armadillo repeats (amino acids 134 to
671) of �-catenin, we employed a modified yeast two-hybrid
system to identify proteins that interact with �-catenin, using a
human brain library (16). Of 6.3 � 107 transformants, 133 grew
under selective conditions and showed increased adenine and
�-Gal production. Rescue of the plasmids and sequencing of
the inserts revealed several different cDNAs, including several
known �-catenin-interacting proteins, such as APC, E-cad-
herin, TCF/LEF, and ICAT. Importantly, three of these clones
perfectly matched the partial sequence of the coding region of
a novel protein, named LAPSER1 or LZTS2 (1). Sequence
analysis of LZTS2 showed high sequence similarity to a puta-
tive tumor suppressor, FEZ1/LZTS1 (15).

Alignment of LZTS2 with FEZ1/LZTS1 and LZTS3, which
was identified recently (39), showed significant sequence sim-
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ilarity among these proteins, particularly in the C-terminal
potential leucine zipper regions (Fig. 1A). Interestingly, the
nuclear export sequence identified in LZTS2 is not conserved
in both the LZTS1 and the LZTS3 proteins but is highly
conserved in the orthologs of LZTS2 across species (Fig. 1B).
These observations suggest a potential role of LZTS2 in the
regulation of nuclear and cytoplasmic trafficking, which may
distinguish it from LZTS1 and LZTS3.

The C-terminal LZTS2 and armadillo repeats of �-catenin
are responsible for binding. To confirm the interaction and
map the binding regions of the proteins responsible for the
interaction, we cotransformed various truncated constructs of
LZTS2 and �-catenin into the yeast strain PJ69-4A (16) (Fig.
2A). A liquid �-Gal assay was performed to quantify the in-
teraction. As shown in Fig. 2B, the LZTS2 mutants containing
the C-terminal region, such as LZTS2(1-669), LZTS2(447-

FIG. 1. Alignment of LZTS proteins. (A) Alignment of the three LZTS protein sequences, including LZTS1, also called FEZ1 (AAD23840),
LZTS2, also called LAPSER1/KIAA1813 (AAH58938), and LZTS3, also called ProSapip1 (AAH38860). Identical and similar residues are
highlighted in black and gray, respectively. Asterisks denote leucine or similar hydrophobic residues with spacing consistent with leucine zipper
domains. The NES sequence characterized in the text is underlined. (B) Alignment of similar NES sites in orthologs of hLZTS2 (AAH58938) from
Xenopus tropicalis (AAH75457), Mus musculus (NP_663478), Canis familiaris (XP_543975), and Pan troglodytes (XP_521656).
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669), and LZTS2(164-669), showed an approximately 12-, 26-,
and 10-fold induction compared to pVP16 alone, respectively.
However, the LZTS2(1-437) and LZTS2(164-437) mutants
showed virtually no interaction with the armadillo repeats of
�-catenin, suggesting that the region between amino acids 447
and 669 is required for the interaction.

Next, we examined whether the full armadillo repeat region
of �-catenin is necessary for the interaction with LZTS2. The
mutants, �-cat(1-423) and �-cat(70-582), produced no or much
lower �-Gal activity than the other two mutants that contain
the full-length armadillo repeat domain, �-cat(134-671) or
�-cat(70-671) (Fig. 2C). In addition, full (134 to 671) or partial
deletion (70 to 671) of the N-terminal transactivation domain
of �-catenin did not significantly affect the interaction. This
result suggests that the full-length armadillo domain of �-cate-
nin is the primary binding region for LZTS2.

LZTS2 interacts with �-catenin in vitro and in vivo. The
physical interaction between LZTS2 and �-catenin was further
assessed by GST pull-down experiments. A series of GST fu-
sion proteins containing full-length �-catenin and truncated
mutants was generated and immobilized onto a glutathione-
Sepharose matrix. The binding of [35S]methionine-labeled
LZTS2 to GST–�-catenin fusion proteins was analyzed by
SDS-PAGE and visualized by autoradiography. As shown in
Fig. 2D, the GST fusion protein containing full-length arma-

dillo repeats, GST-�-cat(134-671), showed a more pronounced
interaction with LZTS2 than full-length �-catenin or the other
truncated mutants. The data are consistent with results of our
yeast two-hybrid experiments and suggest a structural signifi-
cance of the armadillo repeats for the interaction with LZTS2.

To confirm that full-length LZTS2 and �-catenin proteins
are physically associated in intact cells, we carried out coim-
munoprecipitation assays. �-Catenin and FLAG-tagged
LZTS2 were coexpressed in CV-1 cells. Whole-cell lysates con-
taining equal amounts of the proteins were immunoprecipi-
tated with normal mouse IgG or a �-catenin or FLAG mono-
clonal antibody. As shown in Fig. 2E, the FLAG-LZTS2
protein was detected in the immunoprecipitates with the
�-catenin antibody but not with IgG. Additionally, in the re-
verse coimmunoprecipitation assay, �-catenin was found spe-
cifically in the immunoprecipitates with the FLAG antibody
(Fig. 2F). To detect the interaction between endogenous pro-
teins, we produced a specific antibody against the LZTS2 pro-
tein and used it in the coimmunoprecipitation experiments. As
shown in Fig. 2G, endogenous �-catenin was specifically de-
tected in the immunoprecipitates pulled down by the LZTS2
antibody. Taken together, these data demonstrate a biologi-
cally relevant interaction between LZTS2 and �-catenin.

LZTS2 represses �-catenin-mediated transcription. Tran-
sient transfection assays were performed to investigate the

FIG. 2. LZTS2 interacts with �-catenin in cells. (A) A schematic representation of the yeast two-hybrid assay for mapping the interaction
between the �-catenin and LZTS2 proteins. (B) The cDNA fragments containing different portions of human LZTS2 were fused to a GAL4
transactivation domain, and the armadillo repeats of �-catenin were fused to the GAL4 DNA binding domain in pGBT9 vector. Numbers
correspond to amino acid residues. Both of the plasmids were cotransformed into PJ69-4A cells as labeled in the figure and plated on
SD-Ade-Leu-Trp plates or SD-Leu-Trp plates to monitor transformation efficiency. Three independent colonies were inoculated from each
transformation for subsequent liquid �-Gal assays. The data for the liquid �-Gal assays are reported in relative units normalized by cell number
(optical density at 600 nm [OD 600]). (C) The indicated fragments of �-catenin were examined by yeast two-hybrid assay for interaction with the
C-terminal fragment of hLZTS2 (aa 447 to 669). (D) Equal amounts of GST-�-catenin fusion proteins were immobilized on a glutathione-
Sepharose matrix. The binding of [35S]methionine-labeled LZTS2 to GST-�-catenin fusion proteins was analyzed by SDS-PAGE and visualized
by autoradiography. (E and F) Whole-cell lysates of CV-1 cells transfected with full-length �-catenin and FLAG-tagged LZTS2 were immuno-
precipitated with normal mouse IgG or a �-catenin (E) or FLAG (F) monoclonal antibody. The immunoprecipitates were analyzed by Western
blotting with different antibodies as indicated. (G) Whole-cell lysates of SW480 cells were immunoprecipitated with the homemade LZTS2
antibody and normal rabbit IgG and analyzed by Western blotting.
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possible effect of LZTS2 on �-catenin-mediated transcription
on TCF/LEF (25). First, we examined the repressive effect of
LZTS2 on �-catenin-mediated enhancement of TCF-1 regu-
lated transcription. Expression constructs of TCF-1 and
�-catenin were transfected with pGL3-OT and pGL3-OF in
three prostate cancer cell lines, LNCaP, PC3, and DU145.
Coexpression of TCF-1 and �-catenin showed a transcription
induction of the pGL3-OT promoter in all three cell lines (Fig.
3A, B, and C). Cotransfection of LZTS2 showed a dosage-
dependent repression on OT promoters in all cell types exam-
ined. However, there was no significant change in the samples
transfected with the OF promoter/reporter. These data pro-
vide the first line of evidence that demonstrates that LZTS2
represses the activity of �-catenin on TCF-mediated transcrip-
tion.

Using the small-hairpin RNA (shRNA) interference ap-
proach, we examined the repressive effect of endogenous
LZTS2. Transfection of the pGL3-OT reporter into the human
colon cancer cell line SW480 showed high transcriptional ac-
tivity, as reported previously (26). SW480 cells contain a trun-
cated form of APC (amino acids 1 to 1,337) (29), which retains
the sequences required to bind but not degrade �-catenin,
resulting in a marked accumulation of �-catenin in cells.
Knock-down of endogenous LZTS2 proteins attenuates the
transcriptional repression mediated by the protein, showing a
much greater luciferase activity in the reporter assays (Fig.
3D). The knockdown effect of the LZTS2 shRNA construct is
specific, since a control shRNA vector appears to have no
effect in the similar experimental setting. In addition, overex-
pression of the LZTS2 or APC protein resulted in a significant
reduction of the pGL3-OT reporter (Fig. 3D), suggesting re-
pressive roles for the proteins in the regulation of �-catenin
transcriptional activity. Taken together, these data further
demonstrate the role of LZTS2 in the regulation of �-catenin-
mediated transcription.

LZTS2 localizes mainly in the cytoplasm, and its subcellular
distribution is affected by leptomycin B. Next, we examined the
subcellular localization of the LZTS2 protein. Transfection

with expression plasmids encoding FLAG-tagged LZTS2 in
CV-1 cells showed that most of the exogenous LZTS2 proteins
were exclusively located in the cytoplasm, surrounding the
nuclear envelope (Fig. 4A). To confirm this observation, we
generated a specific antibody to LZTS2 and used it to assess
the cellular distribution of the endogenous protein. As shown
in Fig. 4B, endogenous proteins showed a staining similar
pattern to that of ectopically expressed LZTS2 proteins, con-
firming the validity of the overexpression models. To assess the
mechanism of the exclusive cytoplasmic localization of LZTS2,
we examined the effect of LMB, a specific inhibitor for CRM1/
exportin-alpha-dependent nuclear export, on the subcellular
distribution of LZTS2 (28). In the presence of 60 ng/ml LMB,
either exogenous or endogenous LZTS2 show a clear nuclear
retention in CV-1 and PC3 cells, respectively (Fig. 4C and D).
These data suggest that the exclusive cytoplasmic localization
of LZTS2 is the result of the specific export of LZTS2 proteins
from the nuclei, which appears to be regulated by the CRM-1/
exportin-alpha pathway.

A functional NES located in the C-terminal region of
LZTS2. Previous studies have shown that the nuclear export of
many large proteins by CRM1/exportin-alpha is mediated
through a short leucine-rich motif, known as the NES se-
quence. Several Rev-like leucine-rich NES sequences appear
in the LZTS2 protein (Fig. 1 and Fig. 4E). To test whether
these NES sequences are involved in the regulation of the
nuclear export of LZTS2, five double-stranded oligonucleo-
tides encoding putative leucine-rich NES sequences were syn-
thesized and inserted into a pEGFP-C1 vector to produce
fusion proteins with GFP (Fig. 4E). Constructs containing ei-
ther the HIV-Rev NES (75 to 83 aa) or the pEGFP-C1 vector
were used as a positive or negative control, respectively. The
GFP constructs were transfected into CV-1 and PC3 cells to
test their nuclear export activities. As expected, the GFP con-
struct containing the HIV-Rev NES sequence shows a clear
nuclear exclusion pattern (Fig. 4F). Intriguingly, in the cells
transfected with GFP-LZTS2(631–642), proteins appear exclu-
sively in the cytoplasm, displaying a nuclear omission pattern

FIG. 3. LZTS2 represses �-catenin-mediated transcription. (A) One hundred nanograms of pGL3-OT (OT) or pGL3-OF (OF), 25 ng of
pcDNA3-�-gal, 5 ng of TCF1 expression vector, 20 ng of �-catenin, and various amounts of pcDNA3-FLAG-hLZTS2 as indicated were transfected
into LNCaP cells. Cells were cultured for 24 h in the regular media and luciferase, and �-Gal activities were measured as indicated above. Similar
experiments were repeated with PC3 cells (B) and DU145 cells (C). (D) Either 100 ng of pGL3-OT (OT) or pGL3-OF (OF), 25 ng of
pcDNA3-�-gal, and other shRNA or expression constructs as indicated in the figure were transfected into the human colon cancer cell line SW480.
Luciferase and �-Gal activities were measured in panel C.
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FIG. 4. LZTS2 localizes in the cytoplasm and contains a leptomycin B-regulated NES motif. (A) The pcDNA3-FLAG-hLZTS2 expression vector was
transfected into CV-1 cells. The ectopically expressed hLZTS2 was detected with FLAG monoclonal antibody and revealed by rhodamine-conjugated
secondary antibody (red). The nuclei were counterstained with DAPI (blue). (B) Endogenous hLZTS2 was detected with a rabbit antibody in PC3 cells.
(C) CV-1 cells were transfected with the pcDNA3-FLAG-hLZTS2 expression vector and then incubated in medium either with or without 60 ng/ml LMB.
The ectopically expressed hLZTS2 was detected as in panel A. (D) PC3 cells were cultured in medium either with or without 60 ng/ml LMB for 24 h
and then stained with the antibody against endogenous hLZTS2 (red). (E) The GFP fusion proteins containing the putative NES sequences of hLZTS2
and an HIV-Rev classical NES were generated in the pEGFP-C1 vector. Numbers correspond to amino acid residues. (F) The expression vectors
containing the above GFP fusion proteins were transfected into CV-1 and PC3 cells. After 24 h of transfection, live cells were observed with an inverted
fluorescence microscope. (G) A schematic representation of the NES sequence in hLZTS2. Either single or double mutations within the site were
introduced. (H) The expression vectors of pcDNA3-FLAG-hLZTS2 containing either single or double point mutations were transfected into CV-1 cells.
The cells were treated with LMB as indicated in panel C. The localization of the LZTS2 proteins was detected as in panel A.
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FIG. 5. LZTS2 affects the cellular localization of �-catenin. (A) pcDNA3-HA-�-catenin was transfected into CV-1 cells and incubated with or
without 60 ng/ml LMB. The subcellular localization of the �-catenin (�-cat) was monitored by hemagglutinin monoclonal antibody and fluorescein
isothiocyanate-conjugated secondary antibody (green). (B) Both pcDNA3-HA-�-catenin and pcDNA3-FLAG-hLZTS2 were transfected into CV-1
cells. Cells were then cultured with or without 60 ng/ml LMB for 24 h. The ectopically expressed proteins were detected with FLAG or
hemagglutinin antibody and revealed with rhodamine or fluorescein isothiocyanate-conjugated secondary antibody, respectively. (C) As described
above, the mutant of LZTS2 was used in the experiment to examine the colocalization with �-catenin. (D) PC3 cells were cultured in medium either
with or without 60 ng/ml LMB. Endogenous �-catenin and LZTS2 proteins were detected by the specific antibodies against each protein and
revealed with appropriate secondary antibodies. (E and F) Percentages of cells in which the localization of the �-catenin and LZST2 proteins in
the nuclei (N), cytoplasm (C), or both (N and C) were assessed in CV-1 cells as described in the above experiments. (G) SW480 cells were
transfected with either the pBS/U6-LZTS shRNA or pBS/U6 vector as a negative control and then fixed and stained for endogenous LZTS2 and
�-catenin after 48 h. The rabbit anti-LZTS2 or mouse anti-�-catenin antibody was developed with the Alexa-Fluor goat anti-rabbit 594 (Invitrogen)
(red) or Alexa-Fluor donkey anti-mouse 647 (pink) antibody, respectively. DAPI was used for nuclear visualization.
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similar to that of the GFP-Rev NES. In contrast, the other
GFP fusion proteins were observed in both the cytoplasm and
the nuclei. These data indicate that the sequence between
amino acids 631 and 642 constitutes a functional NES se-
quence and is capable of targeting GFP proteins for export
from the nuclei.

The consensus sequence of NES is defined as a set of criti-
cally spaced hydrophobic residues, usually leucines, such as
L(XXX/XX)L(XX/XXX)LXL (10, 28). The sequence between
amino acids 631 and 640 in LZTS2 shows a perfect match to
the consensus NES sequence (Fig. 4E). To confirm that this
sequence is responsible for the nuclear export of LZTS2, we
replaced leucine with alanine at either aa 638 or 640 or both
positions by a PCR-based, site-directed mutagenesis technique
(Fig. 4G). These mutants and wild-type LZTS2 were ectopi-
cally expressed in CV-1 cells. Staining of transfected cells with
anti-FLAG antibodies showed that FLAG-LZTS2 NES mu-
tated proteins are mainly retained in the nuclei either in the
presence or absence of LMB (Fig. 4H). In contrast, as we have
observed above, wild-type LZTS2 was excluded from the nu-
clei (Fig. 4A and C). These data confirm that the sequence
between 631 and 640 is a functional NES site and is required
for the nuclear export of LZTS2 through the CRM1/exportin-
alpha pathway.

LZTS2-dependent nuclear export of �-catenin requires an
intact NES. A physical interaction between LZTS2 and �-cate-
nin has been demonstrated in this study. One possible mech-
anism for the regulation of �-catenin by LZTS2 is through the
modulation of subcellular localization of �-catenin. To test this
hypothesis, we cotransfected LZTS2 and �-catenin into CV-1
cells. As reported earlier (17), ectopically expressed �-catenin
mainly localized in the nuclei (Fig. 5A). Interestingly, coex-
pression of LZTS2 with �-catenin showed that both proteins
were excluded from nuclei and colocalized in the cytoplasm in
the absence of LMB (Fig. 5B, top panels). However, most of
the LZTS2 and �-catenin proteins colocalize and accumulate
in nuclei in the presence of LMB, whereas some cells showed
a nuclear and cytoplasmic distribution of the proteins (Fig. 5B,
bottom panels). To further evaluate the effect of LZTS2 on the
subcellular localization of �-catenin in a physiologically rele-
vant cellular context, we examined the colocalization of endog-
enous LZTS2 and �-catenin in PC3 cells. The cells treated with
60 ng/ml LMB for 24 h showed an accumulation of both
LZTS2 and �-catenin in the nuclei (Fig. 5D, bottom panels). In
contrast, most �-catenin and LZTS2 colocalized in the cyto-
plasm of untreated cells (Fig. 5D, top panels).

In addition, we assessed the effect of the functional NES
sequence of LZTS2 in shuttling of �-catenin. In the absence of
LMB, �-catenin mainly colocalizes in the cytoplasm with wild-
type LZTS2 (Fig. 5B, top panel). More than 80% of the �-cate-
nin protein shifted from the nucleus to the cytoplasm relative
to the samples transfected with �-catenin alone (Fig. 5A and
E). However, this shift of the �-catenin protein from the nu-
cleus to the cytoplasm was significantly reduced in cells treated
with LMB or cotransfected with the LZTS2 NES mutant
(L638/640A) in comparison with results for cells transfected
with the wild-type protein (Fig. 5C and E). Analysis of the
subcellular localization of the LZTS2 and �-catenin proteins
showed a clear correlation between them (Fig. 5E and F).
Taken together, these data suggest that LZTS2 enhances the

nuclear export of �-catenin in cells through its C-terminal NES
sequence, which is regulated by the CRM1/exportin-alpha
pathway.

Using the shRNA construct of LZTS2, we also assessed the
effect of endogenous LZTS2 in regulation of cellular distribu-
tion of �-catenin. As shown in Fig. 5G, knockdown of endog-
enous LZTS2 proteins results in an accumulation of nuclear
�-catenin proteins in SW480 cells. However, no specific effect
was observed in cells transfected with a control shRNA vector.
The above results are correlated with our previous observation
from the transient transfection experiments (Fig. 3E), suggest-
ing that the repressive effect of LZTS2 on �-catenin-regulated
transcription is mainly mediated through regulation of �-cate-
nin nuclear export.

LZTS2 affects endogenous �-catenin in SW480 cells. As
described above, SW480 cells possess mutated APC (29), re-
sulting in a marked accumulation of �-catenin in the nucleus of
cells (26). Introducing wild-type APC into the cells increases
the degradation of �-catenin in SW480 cells. In order to assess
a direct role of LZTS2 in the regulation of �-catenin, we
expressed both the wild type and the NES mutant of LZTS2 in
SW480 cells. Full-length LZTS2, as well as APC, mainly local-
ize in the cytoplasm of SW480 cells (Fig. 6A and B, left panels).
As reported earlier (7), the nuclear level of �-catenin is sig-
nificantly decreased in the cells transfected with wild-type APC
(Fig. 6A). Intriguingly, overexpression of wild-type LZTS2 also
reduces the level of nuclear �-catenin (Fig. 6B), but the LZTS2
NES mutant shows no significant effect on endogenous �-cate-
nin (Fig. 6C). The intensity of �-catenin staining was measured
and scored in the above cells (Fig. 6D). It appears that expres-
sion of the ectopic APC or LZTS2 wild-type protein reduces
the nuclear level of �-catenin. In addition, the level of cyto-
plasmic �-catenin was also slightly reduced in the above cells.

Next, we performed the Western blot to analyze the level of
nuclear and total �-catenin in cells infected with either wild-
type LZTS2 or the NES mutant virus. As shown in Fig. 6E, an
approximately 70% or 40% reduction of nuclear or total
�-catenin, respectively, was observed in cells that express
FLAG-tagged wild-type LZTS2 proteins. However, there was
no notable change in the expression of PCNA and tubulin
proteins used as controls. These results are consistent with the
above immunostaining data and provide an additional line of
evidence that demonstrates LZTS2’s potential role in the reg-
ulation of the cellular level of �-catenin.

DISCUSSION

LZTS2, also named LAPSER, was originally identified as a
homologue of FEZ1/LZTS1, a putative tumor suppressor (1).
The LZTS2 gene is located on human chromosome 10 at
10q24.3, near 10q23.3, where PTEN, a tumor suppressor, was
identified (21). Previous studies have suggested that more than
one tumor suppressor may be harbored in this locus (35).
Overexpression of LZTS2 showed an antiproliferative effect in
several human tumor cell lines (1). However, there is little
knowledge regarding the biological role and molecular mech-
anism of LZTS2 in the regulation of cell growth and tumori-
genesis.

In this study, we provide several lines of evidence to explore
a link between LZTS2 and the �-catenin-mediated cell signal-
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ing pathway. We first identified that LZTS2 interacts with
�-catenin using a yeast two-hybrid approach. The interaction
was further confirmed by both in vitro GST pulldown and
coimmunoprecipitation experiments. The full-length armadillo
repeats of �-catenin (amino acids 134 to 671) were mapped as
being responsible for the interaction. Binding of LZTS2 to the
central armadillo domain is consistent with previous findings,
which have shown that the armadillo repeats provide a long
positively charged groove for binding (14). In this study, we
also showed that the C terminus of LZTS2 (aa 447 to 669)
contains a unique leucine zipper region and is responsible for
binding to �-catenin. Interestingly, a sequence similar to a
�-catenin binding motif was found between amino acids 608
and 613 (EqVIrY) within a largely acidic region of LZTS2 (3).

It should be noted that this region is very similar to the one of
FEZ1/LZTS1, suggesting a potential link between FEZ1/
LZTS1 and �-catenin.

In this study, we also showed a functional consequence of
the interaction between LZTS2 and �-catenin. Expression of
LZTS2 can repress �-catenin-mediated transcription on the
TCF/LEF-regulated promoter. However, no significant repres-
sion was observed in transient-transfection assays when full-
length and truncated LZTS2 were targeted through fusion to
the GAL4 DNA binding domain (data not shown). These data
indicate that LZTS2 may not contain an intrinsic transcrip-
tional repressive domain, and the repression of �-catenin by
LZTS2 may be mediated through other mechanisms. In the
course of a search for the mechanisms by which LZTS2 regu-

FIG. 6. LZTS2 regulates the cellular level of �-catenin. The FLAG-tagged expression vectors containing wild-type APC (A) or LZTS2 (B) or
the LZTS2 NES mutant (C) were transfected into SW480 cells. Cells were stained with FLAG and �-catenin antibodies for the ectopically
expressed proteins and endogenous �-catenin, as indicated by arrows. (D) Percentages of positively stained �-catenin cells were measured from
the above experiments. The intensity and localization of �-catenin staining in the nuclei (N), cytoplasm (C), or both (N and C) were analyzed in
cells transfected with different expression constructs as indicated. (E) SW480 cells were infected with the pLentiviral vectors for either wild-type
or mutated LZTS2. The nuclear extracts and whole-cell lysates were prepared from the above cells and used for Western blotting.
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lates �-catenin-mediated transcription, we demonstrated that
both exogenous and endogenous LZTS2 localize exclusively in
the cytoplasm, with a perinuclear staining pattern (Fig. 4A to
D). Using an immunofluorescence approach, we further ob-
served that the nuclear exporting of LZTS2 is blocked by LMB,
suggesting that the CRM-1-dependent pathway is involved in
the regulation of the subcellular distribution of LZTS2. Several
NES-like sequences appear in the LZTS2 protein. Expression
of the GFP fusion proteins with these NES sequences in frame
identified the C-terminal sequence (amino acids 631 to 642) as
capable of regulating the nuclear export of the GFP fusion
protein. Mutation of this NES site by substitution of either one
or two leucines with alanine diminishes the nuclear export of
LZTS2. Overall, these data suggest an important role of
LZTS2 in nuclear and cytoplasmic trafficking.

Previous studies have suggested that the intracellular traf-
ficking of �-catenin is regulated by the CRM/exportin nuclear
export pathway (6, 13). Since LZTS2 interacts with �-catenin
and its subcellular distribution is regulated by the CRM-de-
pendent nuclear export signal through the intrinsic NES, we
presented several lines of evidence to explore the possibility
that LZTS2 regulates �-catenin nuclear export. First, the ex-
pression of wild-type LZTS2 increased the cytoplasmic level of
endogenous or ectopically expressed �-catenin, and treating
cells with leptomycin B blocked the effect of LZTS2, resulting
in the nuclear retention of both the �-catenin and LZTS2
proteins. Moreover, the LZTS2 NES mutants showed no effect
on �-catenin under similar experimental conditions. Further-
more, the expression of wild-type LZTS2 but not the NES
mutant significantly reduced the level of endogenous nuclear
�-catenin in SW480 cells. These data suggest that LZTS2 reg-
ulates the nuclear trafficking of �-catenin and affects the cel-
lular level of �-catenin through an APC-independent degra-
dation pathway in SW480 cells.

The tumor suppressor APC has been shown to affect the
nuclear-cytoplasm shuttling of �-catenin (36). Several func-
tional NES sequences have been identified within the APC
protein. However, the significant exodus of �-catenin from the
nucleus appears in APC-mutated tumor cells (6), which sug-
gests that an additional CRM1-dependent export pathway may
exist and be involved in the regulation of �-catenin. Our data
that show the role of LZST2 in the regulation of �-catenin
nuclear export agree with the previous observation and provide
evidence demonstrating a novel regulatory pathway for �-cate-
nin. Since cellular levels of �-catenin are tightly regulated in
normal cells, mutations affecting the degradation of �-catenin
can result in increasing the cellular level of �-catenin, which
has been considered a key event in tumorigenesis (33). APC-
dependent proteasomal degradation pathways for �-catenin
are mediated through either the APC/Axin complex (32) or a
p53-inducible pathway involving Siah-1 (22, 23). In addition,
other APC-independent pathways have also been suggested to
regulate the cellular level of �-catenin (37, 42). In this study,
we observed that overexpression of LZTS2 reduces the level of
�-catenin in SW480 cells. Given the fact that LZTS2 has been
shown previously to inhibit the proliferation of human tumor
cells (1), it would be interesting to further investigate
whether the inhibitory role of LZTS2 in cell growth is me-
diated through the regulation of �-catenin.

The sequence analysis showed that LZTS2 is very similar to

a putative tumor suppressor, FEZ1/LZTS1. The FEZ1/LZTS1
gene was mapped to chromosome 8p22, a region that is fre-
quently deleted in human tumors (15). Previous studies have
shown that the expression of FEZ1/LZTS1 was altered in mul-
tiple human malignancies (30, 40, 41). Currently, the precise
role of FEZ1/LZTS1 as a tumor suppressor still remains un-
clear. Based on the sequence similarity between LZTS2 and
FEZ1/LZTS1, defining the functions of these two proteins in
tumorigenesis will be extremely important.
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