
















null MEFs in comparison with wild type MEFs (Fig. 6E). Taken
together, these data indicate that the deletion of Lzts2 expres-
sion regulates the cellular localization and activity of endoge-
nous �-catenin inMEFs, which confirms our previous observa-
tion in human cancer cells.
Lzts2 Alters �-Catenin-mediated Transcriptional Activity in

Vivo—To further examine the role of Lzts2 in regulating Wnt/
�-catenin signaling, we crossed Lzts2�/� mice with the
Axin2LacZ/� reporter strain to generate Lzts2 knock-out and
Axin2 reporter compound mice. Axin2 is a downstream target
of the canonicalWnt signaling pathway and therefore has been
used to assess Wnt activity. In the Axin2LacZ/� reporter strain,
the endogenous Axin2 gene is replaced with a NLS-LacZ
reporter gene under the control of the endogenous Axin2 pro-
moter/enhancer (28). We first assessed Axin2LacZ reporter
expression during embryonic development. �-Galactosidase
staining was detected at E10.5 in Axin2LacZ/�:Lzts2�/� and
Axin2LacZ/�:Lzts2�/� embryos (Fig. 7, A--D). The staining in
Axin2LacZ/�:Lzts2�/�embryos generally appears stronger than
in Axin2LacZ/�:Lzts2�/� embryos (Fig. 7, A and B versus C and
D). The areas of intense staining include the forebrain, mid-
brain, hindbrain, and mandibular brachial arches. The staining
displayed widespread dorsal expression, including the tail bud.
Craniofacial staining was apparent. Interestingly, the embryo
forelimbs and hindlimbs also displayed significant staining.
This staining pattern is very similar to endogenous Lzts2
expression in mouse embryos (12), suggesting that deletion of
Lzts2 in mouse embryos enhances endogenous �-catenin
downstream target expression. There is visible staining in

FIGURE 6. Cellular localization and activity of � -catenin in Lzts2 null
MEFs. A, MEFs were prepared from different genotype embryos at E10.5.
Whole cell lysates were analyzed by Western blotting assays with either
LZTS2 or �-actin antibody. B, either whole cell lysates or nuclear extracts
were isolated from different genotype MEFs and analyzed by Western
blotting assays for either �-catenin (�-cat), Ku86, or tubulin. C, both wild
type and Lzts2 null MEFs were fixed and incubated with the anti-LZTS2
antibody followed by a second antibody conjugated with rhodamine
(red). The nuclei were counterstained with DAPI (blue).D, luciferase assay
of different genotype MEFs cultured in either Wnt3a-CM or L-CM. Lucifer-
ase activity is reported as relative light units (luciferase/�-galactosidase)
and represented as the means � S.D. E, quantitative RT-PCR assays were
performed to detect mRNA levels of the endogenous beta-catenin down-
stream target genes Cyclin D1, c-Jun, and Axin2. The experiments were
repeated three times using independent cDNA samples from wild type
and Lzts2 null MEFs. The relative mRNA levels from each sample are pre-
sented as the mean � S.E. of the triplicate reactions. A statistically signif-
icant difference (*, p � 0.05; **, p � 0.01) was observed between wild type
and Lzts2 null MEFs for each target gene.

FIGURE 7. Loss of Lzts2 alters � -catenin activity in mice. �-Galactosidase
staining of E10.5 embryos using the Wnt activity reporter, Axin2LacZ/�(AÐF).
Increased staining was observed dorsally and in the forebrain, midbrain,
hindbrain, and mandibular branches of Axin2LacZ/�:Lzts2�/� (A and B) and
Axin2LacZ/�:Lzts2�/� (Cand D) embryos as compared with Axin2LacZ/�:Lzts2�/�

(Eand F) embryos.GÐJ, increased Wnt activity was also observed in the intes-
tinal crypts of the colons of adult Axin2LacZ/�:Lzts2�/� mice (H and J) com-
pared with Axin2LacZ/�:Lzts2�/� mice (Gand I).
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Axin2LacZ/�:Lzts2�/� embryos (Fig. 7E), but no staining is
observed in wild type control embryos (Fig. 7F). We addition-
ally utilized the Axin2LacZ reporter to examine Wnt activity in
adult mice. It is well established that �-catenin-mediated activ-
ity is detectible in the intestinal crypts of adult mice using the
Axin2 Lacz reporter (28). Therefore, we examined �-galacto-
sidase activity in adult mouse colon tissues from Axin2LacZ/wt:
Lzts2�/� andAxin2LacZ/wt:Lzts2�/� mice. Faint but clear �-ga-
lactosidase activity is shown in the crypts of colon sections from
Axin2LacZ/wt:Lzts2�/� mice (Fig. 7, G and I). �-Galactosidase
staining of Axin2LacZ/wt:Lzts2�/� mice tissue shows a similar
pattern, but with a much stronger signal than Axin2LacZ/wt:
Lzts2�/� mice (Fig. 7, H and J). We also examined the expres-
sion of CD44, a downstream target gene of �-catenin, in the
crypts of the colon and observed more intensive staining in
Lzts2 knock-out mice (supplemental Fig. S2). Taken together,
these results show the enhancement of Wnt/�-catenin signal-
ing caused by Lzts2 deletion in vivo.

DISCUSSION

In this study, we investigated a long unanswered question
regarding the role of LZTS2 in tumorigenesis. LZTS2, also
named LAPSER, was originally identified as a homologue of
FEZ1/LZTS1 based on their closely related sequences (1).
Although a potential role of LZTS2 as a tumor suppressor has
been speculated for more than a decade, there is no evidence
directly demonstrating the role of LZTS2 in tumor initiation or
progression. To address this question, we generated Lzts2-de-
ficientmice and analyzed them by awatchful waiting approach.
Weobserved an increase in spontaneous tumor development in
both aged Lzts2 heterozygous (16.7%) and homozygous (35.5%)
knock-out mice in comparison with wild type littermates
(9.1%). Interestingly, all mice that developed spontaneous
tumors were more than 12 months old. There is no significant
difference in the average mouse ages of tumor onset between
the different genotype mice (data not shown). The most fre-
quent malignancies observed in Lzts2-deficient mice include
lymphomas, adenocarcinomas in digestive organs, histiocytic
sarcomas, and pulmonary carcinomas. Carcinomas in the
ovary, mammary glands, or prostate were also observed in
female or male Lzts2-deficient mice, respectively. These data
provide the first line of evidence linking Lzts2 deletion to a
tumor-prone phenotype in mice.
To directly assess the role of Lzts2 in tumor susceptibility, we

treated Lzts2-deficient mice with BBN to determine whether
Lzts2-deficient mice are more susceptible to carcinogen-in-
duced tumor development. We observed an increased inci-
dence and more malignant phenotypes of BBN-induced blad-
der cancer in Lzts2-deficientmice in comparisonwithwild type
littermates. Specifically, 6 of 26 Lzts2 null mice developed inva-
sive transitional cell carcinomas, but none were found in
heterozygous Lzts2 knock-out and wild type littermates. These
data demonstrate that deletion of Lzts2 enhances the suscepti-
bility of carcinogen-induced tumor development and progres-
sion. In a very similar study, Baffa et al. (26) reported that treat-
ment of BBN resulted in carcinogen-induced bladder
carcinoma in 82.3% of Lzts1 heterozygous or 93.8% of homozy-
gous knock-out mice versus only 8% of wild type control litter-

mates, showing a higher incidence of BBN-induced bladder
carcinomas in Lzts1-deficient mice than in Lzts2-deficient
mice. Interestingly, higher incidences of spontaneous malig-
nancies were also observed in Lzts1-deficient mice (3). These
results suggest thatLzts1-deficientmice aremore susceptible to
spontaneous and BBN-induced bladder tumor development
than Lzts2mice. More studies should be devoted to identifying
the molecular mechanisms underlying these Lzts proteins in
tumorigenesis.
The human LZTS2 gene is located on chromosome 10 at

10q24.3, near 10q23.3, where PTEN, a tumor suppressor, was
identified (4). Several lines of evidence suggest that more than
one tumor suppressor may be harbored in this locus (5). How-
ever, no candidate gene has been identifiedwithin this region so
far. Our current data provide a direct link between the deletion
of Lzts2 and tumor development. Interestingly, we observed a
relatively low penetrance of spontaneous malignancies in
Lzts2-deficient mice. Additionally, BBN induction of urinary
bladder carcinoma formation in Lzts2-deficient mice appears
to be less effective than in Lzts1 knock-out mice. These data
imply that other additional genetic and/or epigenetic changes
may also be required in regulating Lzts2-mediated tumorigen-
esis. Thus, combinations of different mutations with Lzts2
deletion should be used in future studies to identify the addi-
tional factors and pathways that interact with Lzts2 in inducing
tumor initiation and progression. Sequence analysis has shown
that LZTS2 is highly similar to the tumor suppressor, LZTS1
(1). The LZTS1 gene was mapped to chromosome 8p22, a
region that is frequently deleted in human tumors (29). There-
fore, it will be extremely interesting to investigate whether
these two Lzts proteins are able to functionally compensate for
each other in inducing oncogenic transformation using a com-
pound knock-out mouse model.
The human Lzts2 gene is located in the 10q24.3 region. This

region has been frequently deleted in prostate cancer samples
(1). Therefore, we examined the potentially abnormal LZTS2
expression in human tumor samples to assess the role of LZTS2
in human tumorigenesis. Using immunohistochemistry, we
examined LZTS2 expression in prostate cancer tissue samples
and observed decreased expression of LZTS2 proteins in
human prostate cancer cells (Fig. 5), which elucidates a poten-
tial role of LZTS2 in human prostate cancer. In the past years,
we spent significant effort to search for any genetic or epige-
netic changes that may affect LZTS2 protein expression. How-
ever, we have not identified significant mutations or other
abnormalities in the LZTS2 gene locus from human prostate
tumor samples. These negative findings suggest that the human
LZTS2 gene may be a weak tumor susceptibility gene and
require other susceptible gene loci for promoting tumor initia-
tion and progression. This is also consistent with the low pen-
etrance of spontaneous malignancies as we observed in Lzts2-
deficient mice. Therefore, a combination of germ line mapping
and an analysis of multiple alleles in specific imbalance and
abnormality should be used in the future to further validate the
role of LZTS2 as a tumor susceptibility gene.
We previously identified that LZTS2 is a novel �-catenin-

interacting protein and regulates the cellular level, distribution,
and activity of �-catenin (6). In this study, we further explored
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the biological role of LZTS2 as a regulator of Wnt/�-catenin
signaling. Using Lzts2 null MEFs, we demonstrate that a loss of
endogenous Lzts2 expression enhances cell proliferation and
survival, which is consistent with the data in overexpression of
LZTS2 protein in human prostate cancer cells. In this study, we
also examined the effect of Wnt growth factors in Lzts2 null
MEFs and observed a more pronounced effect of Wnt3a-con-
ditioned medium in inducing cell growth and �-catenin-medi-
ated transcription. Previous studies have shown that the
nuclear shift of �-catenin reflects both an increase in total pro-
teins and enhanced nuclear targeting that is regulated by the
CRM/exportin nuclear export pathway (30–33). LZTS2 con-
tains an intrinsic nuclear export signal and regulates the sub-
cellular distribution of �-catenin through a CRM-dependent
nuclear export signal (6). Using Lzts2 MEFs, we also assessed
the effect of Lzts2 on the cellular localization of �-catenin. We
observed more cytoplasmic staining of �-catenin in wild type
MEFs than Lzts2 null MEFs (supplemental Fig. S1). These data
are consistent with our previous observations in human tumor
cells (6) and suggest that the biological roles of LZTS2 in regu-
lating cellular �-catenin appear to be critical in both develop-
ment and tumorigenesis. Previously, we reported thatLzts2null
mice have severe kidney and urinary tract developmental
defects, which are very similar to the abnormalities identified in
�-catenin loss of function or gain of function mutations (34,
35). Dysregulated�-catenin cellular distribution and transcrip-
tional activity has been suggested to be one underlying mecha-
nism for the kidney defects in Lzts2 null mice. Here, we further
identified a tumor-prone phenotype in aged Lzts2-deficient
mice. Interestingly, Lzts1 null mice only displayed tumor
susceptibility phenotypes (3). No renal defects or other
abnormalities have been identified in this mouse model.
These observations suggest that Lzts proteins may not func-
tionally overlap with each other during the course of devel-
opment, although they share a significant degree of sequence
similarity. Future investigation of the potential interaction
between Lzts1 and Lzts2 proteins in tumorigenesis wound be
extremely interesting and should yield significant informa-
tion regarding the regulatory role of Lzts proteins in onco-
genic transformation.
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