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Abstract

Peutz-Jeghers syndrome (PJS) is caused by germline mutations in the LKB1 gene, which
encodes a serine-threonine kinase that regulates cell proliferation and polarity. This
autosomal dominant disorder is characterized by mucocutaneous melanin pigmentation,
multiple gastrointestinal hamartomatous polyposis and an increased risk of developing various
neoplasms. To understand the molecular pathogenesis of PJS phenotypes, we used
microarrays to analyze gene expression profiles in proliferating HeLa cells transduced with
lentiviral vectors expressing wild type or mutant LKB1 proteins. We show that gene
expression is differentially affected by mutations that impair the kinase activity (K78I) or alter
the cellular localization of the LKB1 protein. However, both mutations abrogate the ability of
LKB1 to up-regulate the transcription of several genes involved in Wnt signaling, including
DKK3, WNT5B and FZD2. In addition-and in contrast to the wild type protein-these LKB1
mutants fail to activate the GSK-3beta kinase, which otherwise phosphorylates beta-catenin.
The increase in beta-catenin phosphorylation that occurs upon [...]
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Abstract Peutz–Jeghers syndrome (PJS) is caused by
germline mutations in the LKB1 gene, which encodes a
serine-threonine kinase that regulates cell proliferation
and polarity. This autosomal dominant disorder is
characterized by mucocutaneous melanin pigmentation,
multiple gastrointestinal hamartomatous polyposis and
an increased risk of developing various neoplasms. To
understand the molecular pathogenesis of PJS pheno-
types, we used microarrays to analyze gene expression
profiles in proliferating HeLa cells transduced with len-
tiviral vectors expressing wild type or mutant LKB1
proteins. We show that gene expression is differentially
affected by mutations that impair the kinase activity
(K78I) or alter the cellular localization of the LKB1
protein. However, both mutations abrogate the ability
of LKB1 to up-regulate the transcription of several
genes involved in Wnt signaling, including DKK3,
WNT5B and FZD2. In addition—and in contrast to the
wild type protein—these LKB1 mutants fail to activate
the GSK-3b kinase, which otherwise phosphorylates b-
catenin. The increase in b-catenin phosphorylation that
occurs upon expression of wild-type LKB1 results in
transcriptional inhibition of a canonical Wnt reporter
gene. This suggests that pathogenic LKB1 mutations
that lead to activation of the Wnt/b-catenin pathway
could contribute to the cancer predisposition of PJS
patients.

Keywords Peutz–Jeghers syndrome (PJS) Æ LKB1 Æ

Wnt signaling Æ b-Catenin

Introduction

Peutz–Jeghers syndrome (PJS) is a dominantly inherited
disorder associated with mucocutaneous pigmentation
and gastrointestinal hamartomatous polyposis (OMIM
no. 175200). More than 90% of PJS patients go on to
develop malignancies, about half of which affect the
gastrointestinal tract (Boardman et al. 1998; Giardiello
et al. 2000). The gene responsible for the majority of PJS
cases has been mapped to chromosome 19p13.3 and
found to encode a serine/threonine protein kinase
named LKB1 (alias STK11; Hemminki et al. 1997, 1998;
Jenne et al. 1998). Functional analysis of LKB1 showed
that most mutations observed in PJS patients result in
loss of its kinase activity (Mehenni et al. 1998; Ylikor-
kala et al. 1999; Yoo et al. 2002; Boudeau et al. 2003b).

The LKB1 gene has been conserved during evolution
and is essential for viability. Orthologs have been iden-
tified in mouse (Smith et al. 1999), Xenopus laevis
(XEEK1; Su et al. 1996), Caenorhabditis elegans (par-4;
Watts et al. 2000), Drosophila melnaogaster (Martin and
St. Johnston 2003) and yeast (Sutherland et al. 2003).
Knockout studies in model organisms demonstrate that
LKB1 plays an essential role in development and
polarity. In C. elegans and Drosophila melanogaster,
LKB1 is required to establish embryonic polarity (Watts
et al. 2000; Martin and St. Johnston 2003) and mice
homozygous for an inactivating LKB1 mutation die at
mid-gestation with multiple developmental defects
including abnormal vasculogenesis (Ylikorkala et al.
2001). In contrast, Lkb1+/� mice are viable and display
no obvious phenotype at birth or in early adult life.
However, such mice later develop gastrointestinal pol-
yps; cells from these polyps express one normal LKB1
allele, suggesting that polyposis arises from haploinsuf-
ficiency of LKB1 rather than loss of heterozygosity
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(LOH; Hemminki et al. 1997; Miyoshi et al. 2002).
LKB1 has therefore been defined as a context-dependent
tumor suppressor gene: loss of its function in normal
cells may result in the formation of benign tumors,
whereas its loss in advanced neoplasms could promote
malignant progression (Bardeesy et al. 2002).

In Xenopus LKB1 has recently been shown to func-
tion in the Wnt pathway, regulating GSK-3b activity
during early development (Ossipova et al. 2003). In
mammalian cells, LKB1 triggers phosphorylation of
PAR1A, a kinase that also regulates the Wnt/b-catenin
pathway (Spicer et al. 2003). Activation of this pathway
is crucial for dorso-ventral axis specification and is
regulated during embryonic development in lower ver-
tebrates. Constitutive activation of the Wnt pathway is
associated with malignant transformation in adult tis-
sues (Miller 2002; Giles et al. 2003). Lastly LKB1 has
been shown to activate TSC2, a gene that is mutated in
tuberous sclerosis complex, which is an autosomal
dominant syndrome characterized by the development
of benign tumors (Corradetti et al. 2004).

LKB1 is mainly localized in the nucleus, but is also
detected in the cytoplasm and at cell membranes (Smith
et al. 1999; Collins et al. 2000; Sapkota et al. 2001).
Several proteins have been shown to interact with
LKB1, including BRG1 (Marignani et al. 2001), p53
(Karuman et al. 2001), LIP1 (Smith et al. 2001), AGS3
(Blumer et al. 2003) and STRADa (Baas et al. 2003).
Both LIP1 and STRADa anchor LKB1 in the cyto-
plasm. The binding of STRADa to LKB1 also activates
the capacity of the kinase to autophosphorylate, allow-
ing complete polarization of intestinal epithelial cells
(Boudeau et al. 2003a; Baas et al. 2004a). LKB1 has
been shown to form a ternary complex with STRADa
and MO25a, which regulates cell proliferation through
activation of AMP-activated protein kinase (AMPK) by
LKB1-dependent phosphorylation (Hawley et al. 2003;
Hong et al. 2003; Woods et al. 2003). In spite of the
identification of these LKB1-interacting proteins (re-
viewed in Boudeau et al. 2003c) carcinogenesis in PJS
remains poorly understood. However, it has recently
been suggested that loss of polarity in epithelial cells
may lead to neoplastic transformation (Baas et al.
2004b).

In this study we investigated whether mutations that
affect the kinase activity or the cellular localization of
LKB1 have similar effects on LKB1 function. To this
end, we compared gene expression profiles in HeLa cells
expressing wild type or mutant LKB1. We show here
that the mutations K78I (which eliminates the kinase
activity) and SL26 (associated with nuclear accumula-
tion of LKB1) differentially affected gene expression
patterns when compared to wild-type LKB1. However,
both mutants failed to induce dephosphorylation of
GSK-3b at residue Ser9, thus maintaining the kinase in
its inactive state. Because b-catenin is a substrate for
GSK-3b and also regulates transcription of Wnt target
genes, we also investigated the phosphorylation state of
b-catenin. We found that the protein was only phos-

phorylated in cells expressing wild-type LKB1. Since
phosphorylated b-catenin is likely to be ubiquitinylated
and then degraded, this allows LKB1 to inhibit the
expression of Wnt-responsive genes in A549 cells. We
showed that this ability is dependent on the kinase
activity of LKB1, since the K78I mutation has no effect
on Wnt signaling. In contrast, expression of the SL26
form of LKB1 further activates expression of a Wnt
reporter gene. Together our results suggest that PJS
mutants may affect the regulation of Wnt/b-catenin
signaling, a pathway which is known to be constitutively
active in many human malignancies.

Materials and methods

Expression vectors and constructs

cDNAs encoding wild-type and mutant LKB1 fused to
the coding sequence for enhanced yellow fluorescent
protein (EYFP) were excised from the pcDNA3 vector
by digestion with NheI (5¢ end) and EcoRI (3¢ end); the
ends were blunted using Klenow enzyme (Roche) and
the fragments were subcloned into pLOX/Ewgfp (Sal-
mon et al. 2000) after digestion of the vector with SalI
and removal of overhangs. The ORFs are inserted
downstream of the EF1alpha promoter and upstream of
the post-transcriptional regulatory element isolated
from woodchuck hepatitis virus (Zufferey et al. 1999).

Cell lines, transfections and lentiviral Infections

HeLa cells were maintained in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with 100 U/
ml penicillin, 100 lg/ml streptomycin, 2 mM L-gluta-
mine, and 10% v/v fetal calf serum (FCS; Invitrogen) in
a 5% CO2 atmosphere at 37�C. To produce infectious
viral particles, 293T cells were seeded at a density
106 cells/plate and transfected with three plasmids
expressing (1) the envelope protein of vesicular stoma-
titis virus (pMDG, 10 lg), (2) the packaging system
(pR8.91, 15 lg), and (3) the gene of interest (pLOX/
YFP, pLOX/YFP-LKB-WT, pLOX/YFP-LKB-K78I,
or pLOX/YFP-LKB-SL26; 20 lg). Supernatants from
three plates of transfected 293T cells were pooled, fil-
tered through a Millipore filter (SLHV 033RS, pore
diameter 0.45 lm), and used to infect one plate of HeLa
cells seeded to a density of 106 cells/plate. Subsequently,
HeLa cultures were expanded for preparation of RNA
for hybridization to Affymetrix microarrays (see below).

FACS analysis

Infected cells were trypsinized and resuspended in
PBS, and YFP fluorescence was directly measured
by FACS. Cell cycle analysis was performed using
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CycleTest Plus (Becton Dickinson) according the
manufacturer’s protocol.

Microarray experiments and quantitative RT-PCR

Total RNA was isolated from cell pellets using an RNA
extraction kit (RNeasy, Qiagen) and treated with DNase
(Qiagen) according to the manufacturer’s protocols.
Infections were performed in triplicate, each providing
one RNA preparation. Two different RNA preparations
per sample were then used to generate cRNAs. We
generated a hybridization mixture containing 15 lg
of biotinylated cRNA and hybridized it to human
HG-U133A chips (Affymetrix). Each sample [null (non-
transduced cells), YFP, YFP-LKB-WT, YFP-LKB-
K78I and YFP-LKB-SL26) was analyzed in duplicate,
i.e. for each condition two chips were hybridized and
scanned, and the fluorescence signals were analyzed with
the Affymetrix software MAS 5.0 and DMT 3.0. The
software calculates ‘‘signal’’ values and provides ’detec-
tion’ calls (present, marginal or absent) for each probe
set. Detection calls are determined from statistical
calculations of the difference in hybridization signals
between perfect match oligonucleotides and their
corresponding control mismatch sequence (probe set).
To identify differentially expressed transcripts, pairwise
comparison analyses were carried out with Affymetrix
MAS 5.0. Each of the experimental samples was com-
pared with each of the reference samples, resulting in
pairwise comparisons. This approach, which is based on
the Mann-Whitney pairwise comparison test, allows the
ranking of results by concordance, as well as providing
an estimate of the significance (P-value) of each identi-
fied change in gene expression (Hubbell et al. 2002; Liu
et al. 2002). Pairwise analyses of the DNA microarray
data obtained with cRNA probes derived from RNA
prepared from non-transduced cells or cells expressing
YFP or wild-type or mutant LKB1 proteins resulted in
four comparison sets. Transcripts were considered to be
differentially expressed if their levels changed in the
same direction in all four comparisons, if the average
median change was at least twofold, or if the P value
for the median relative change was <0.05. Results are
expressed as the average relative change in the four
comparisons.

Ribonucleic acid preparations from three independent
experiments were used as templates for quantitative RT-
PCR analysis. We carried out quantitative RT-PCRs
according to the manufacturer’s (Applied Biosystems)
protocols using Taqman probes purchased from Euro-
gentec. All primers were designed with Primer Express
Software (Applied Biosystems) and all amplified frag-
ments corresponded to exon–exon junctions. Samples
were analyzed in triplicate and the raw data consisted of
PCR cycle numbers required to reach a fluorescence
threshold (Ct). Raw Ct values were obtained using SDS
2.0 (Applied Biosystems). Relative expression level of
target genes was normalized according to geNorm

(Vandesompele et al. 2002) using TBP (TATA-binding
protein) and EEF1A1 (eukaryotic translation elongation
factor a-1) as references to determine the normalization
factor. All primer sequences are available on request.

Immunoblot assays

Aliquots (50 lg) of protein extracts were fractionated by
SDS-PAGE on 10–15% polyacrylamide gels. Proteins
were then electrophoretically transferred to nitrocellu-
lose membranes, which were incubated in PBS contain-
ing blocking solution (5% non-fat dry milk and 0.05%
Tween 20) for 1 h at room temperature. We then incu-
bated the membranes either overnight at 4�C or for 1.5 h
at room temperature in the blocking solution containing
appropriate antibodies: anti-fibronectin [F 3648 (Sigma),
1:2,000 dilution], anti-IGFBP3 [sc-9028 (Santa Cruz),
1:1000 dilution], anti-HA (Babco, 1:1000 dilution), anti-
b-catenin total [C 2206 (Sigma), 1:8,000 dilution], anti-
phospho-b-catenin T41/S45 [9565 (Cell Signaling),
1:1,000 dilution], anti-phospho-GSK-3b S9 [9336 (Cell
Signaling), 1:1,000 dilution], anti-GSK-3b [G7914 (Sig-
ma), 1:2,000 dilution], anti-actin [MAB1501 (Chem-
icon), 1:2,000] and anti-cyclin D1 [CC12 (Oncogene),
1:100 dilution]. The secondary horseradish peroxidase-
linked antibody to rabbit or mouse IgG was then added
(diluted at 1:8,000 in the blocking solution) and incu-
bated at room temperature for 1 h. We detected
immunoreactivity with a commercially available detec-
tion system (Catalog No. 34075, Pierce), followed by
exposure to Hyperfilm ECL (Amersham) for 1–10 min.

Luciferase assays

HeLa or A549 cells were plated in 6-well plates at 50%
confluency and co-transfected with 0.3 lg of pLOX
(pLOX/HA-LKB-WT, pLOX/HA-LKB-K78I, pLOX/
HA-LKB-SL26 or pLOX/HA-LKB-D176N as indi-
cated), 0.7 lg of luciferase reporter vector (firefly,
TOPflash or FOPflash; a gift from Dr. R. Moon) and
0.2 ug of pRL-TK (Renilla, Promega) using FuGene
Reagent (Roche) according the manufacturer’s protocol.
Firefly and Renilla luciferase activities were determined
24–48 h post transfection using the Dual Luciferase
Reporter Assay System (Promega).

Results

Establishment of viable HeLa cells expressing
LKB1 after lentiviral infection

In order to compare gene expression profiles of cells
expressing wild type or mutant LKB1 proteins, we
decided first to establish a cell line that does not express
endogenous LKB1 and survives de novo expression of
wild type LKB1. Overexpression of wild-type, but not
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catalytically inactive, LKB1 results in a G1 cell cycle
arrest in tumor cell lines that do not express the
endogenous LKB1 gene (Tiainen et al. 1999; Karuman
et al. 2001; Jimenez et al. 2003). Therefore, we tested the
hypothesis that expression of low levels of LKB1 does
not affect cell growth. For this purpose we used lentiviral
vectors because (1) nearly 100% of infected cells express
the exogenous protein, and (2) the level of protein
expression depends on the promoter used to drive
transcription of the gene of interest and on the number
of integrated proviruses (which is usually between one
and five copies; Naldini et al. 1996). Hence, we chose to
express wild type (WT) or mutant (K78I and SL26)

LKB1 proteins, driven by the EF1a promoter, from a
lentiviral construct after infection of epithelial HeLa
cells lacking endogenous LKB1 (no LKB1 expression is
detectable at the mRNA or protein level; data not
shown).

These two mutants were chosen for the following
reasons. The LKB1-K78I mutant, unlike the WT pro-
tein, cannot autophosphorylate because of the mutation
of the catalytic residue K78 (Su et al. 1996), and the
K78I substitution is representative of the majority of
loss-of-function LKB1 mutations found in PJS patients
(reviewed in Boudeau et al. 2003c). The LKB1-SL26
mutant was identified in a PJS patient. It retains its ki-

Fig. 1 FACS analysis showing
viability of HeLa cells
transduced with lentiviral
vectors expressing wild type or
mutant LKB1. Parental HeLa
cells (HeLa) or cells transduced
with lentiviral vectors
expressing YFP, YFP-LKB1-
WT, YFP-LKB1-K78I or YFP-
LKB1-SL26 were analyzed by
FACS 5 days post-infection,
and RNA samples for
microarray analysis were
prepared. a YFP fluorescence
analysis shows that 100% of
cells express the indicated
proteins, and that all fusion
proteins are expressed at similar
levels. b Cell cycle analysis of
the cells described in a were
performed as described in
Materials and methods, and the
percentages of cells in G1, S or
G2/M phases are indicated
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nase activity but is nevertheless still pathogenic probably
because the mutant protein accumulates in the nucleus
(Nezu et al. 1999). All constructs were tagged with YFP
or the HA (haemagglutinin) epitope, and immunofluo-
rescence experiments were performed to monitor the
cellular localization of the fusion proteins in transduced
cells. As previously described, YFP or HA-tagged
LKB1-K78I displays the same cellular localization as
wild-type LKB1 (i.e. it is found both in the nucleus and
the cytoplasm), whereas LKB1-SL26 accumulates pre-
dominantly in the nucleus (Nezu et al. 1999; Karuman
et al. 2001; data not shown). FACS analysis showed that
all YFP-LKB1 fusion proteins were expressed at similar
levels (Fig. 1a).

No difference in cell viability was observed when the
cell cycle of HeLa cells expressing WT or mutant LKB1
was analyzed 5 days post-infection, indicating that low
LKB1 expression levels do not affect HeLa cell viability
(Fig. 1b). Five days was the minimum time required for
cells to recover from virus infection and divide suffi-
ciently often to provide enough RNA and protein for
further analyses. One major advantage of this expression
system is that, in contrast to previous studies, it does not
induce growth inhibition upon ectopic expression of WT
LKB1; thus transcriptome comparisons between cells
expressing either WT or mutant LKB1 proteins (K78I or
SL26) could be performed. Since the analyses were done
5 days post-infection, the data reflect the consequences
of prolonged expression of WT or mutant LKB1 pro-
teins rather than identifying direct targets of LKB1.

Comparative analysis of transcriptomes reveals that
the K78I and SL26 mutations affect LKB1
functions differentially

In order to investigate how mutations found in PJS
patients might affect LKB1 functions, we compared gene
expression profiles between cells expressing wild type or
mutant LKB1 proteins. Microarray analysis was per-
formed using total RNAs from uninfected HeLa cells
and from cells transduced with lentiviral vectors
expressing YFP, YFP-LKB1-WT, YFP-LKB1-K78I or
YFP-LKB1-SL26. cRNAs prepared from all samples
(each analyzed in duplicate) were hybridized to Human
Genome 133A arrays (HG-U133A; Affymetrix) con-
taining �22,500 transcripts. Transcripts were defined as
up-regulated or down-regulated if: (1) variation showed
the same trend in the four comparison sets, (2) the ratio
of the signal intensities was >2 or <0.5 for induced or
repressed genes respectively, or (3) a t test for signifi-
cance yielded a P value of <0.05.

First, we compared uninfected with YFP-transduced
HeLa cells (two arrays each). On the basis of the criteria
listed above, YFP expression has only minor effects on
the transcription profile when compared to uninfected
cells (data not shown). Cells transduced with YFP were
then used as the control for comparison with the cells
transduced with YFP-LKB1-WT. In this analysis we

detected 64 up-regulated and 65 down-regulated tran-
scripts in cells expressing the wild-type LKB1 fusion
compared to YFP alone (see Tables S1 and S2, respec-
tively, in the Electronic Supplementary Material).
Among the up-regulated set were transcripts encoding
PAI1, thrombospondin 1, type IV collagen a1, transgelin
(SM22a) and calponin 3—derived from genes that have
been shown to be transcriptionally activated by the
SMAD4/TGF-b pathway (Dennler et al. 1998; Schwar-
te-Waldhoff et al. 2000). These results indicate that the
cellular system used here is appropriate for functional
analysis of LKB1 since the protein has already been
suggested to play a role in TGF-b signaling (Smith et al.
2001).

We were then interested in identifying genes whose
LKB1-dependent expression is affected by the LKB1
mutations. Further comparisons were therefore per-
formed between cells expressing LKB1-WT and
LKB1-K78I or LKB1-SL26, and differentially regulated
transcripts are depicted in Fig. 2.

We first noted that expression of the two mutants
affected global gene expression differentially. Indeed
when compared to cells expressing wild type LKB1,
fewer transcripts were misregulated in K78I- (22
transcripts up- and 20 down-regulated; Fig. 2 and
Supplementary Table S3) than in SL26 (90 transcripts
up- and 60 transcripts down-regulated; Fig. 2 and
Supplementary Table S4)-expressing cells. We found
very few transcripts that were specifically affected by
expression of the K78I variant (two up- and three
down-regulated; shown in yellow in Table S3, and see
Fig. 2a, b). In contrast, upon expression of SL26, 40
up- and 18 down-regulated transcripts were found to
respond specifically in this mutant (Fig. 2a, b; shown
in yellow in Table S4). Taken together, these results
show that the two mutations are not functionally
equivalent, and suggest that global gene expression is
affected more by a mutation that alters the cellular

Fig. 2 Microarray analysis. Transcripts are grouped as up- (a) or
down (b)-regulated in cells expressing wild type LKB1 and the
numbers of these that are misregulated by a given LKB1 mutation
are indicated. Only transcripts whose levels changed by more than
twofold (ratios >2 or <0.5) are considered, and the following
comparisons were done: K78I versus WT, SL26 versus WT and
WT versus YFP. Each number represents a specific Net Affyx ID
and is associated with a P<0.05. Numbers in brackets indicate the
total number of transcripts with up- or down-regulated expression
in the comparisons listed above
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localization of LKB1 than one that reduces its kinase
function. Finally, the SL26 mutant exhibits novel
functions, since it induces a specific cellular response
(transcripts marked in yellow in Supplementary Table
S4).

A common subset of transcripts responds
to both mutant forms of LKB1

The transcriptome comparisons described in the previ-
ous section between HeLa cells expressing normal and
mutant LKB1 revealed that a subset of LKB1-depen-
dent genes is affected by both the K78I and SL26
mutations. For instance, 43 (26+13+1) transcripts that
are up-regulated by LKB1-WT (Fig. 2a) and 44
(33+8+3) transcripts that are down-regulated were

affected by K78I or SL26 mutations (Fig. 2b). A de-
tailed analysis identified eight transcripts that are
down-regulated by LKB1-WT but not by either of the
LKB1 mutants (Fig. 2a and Table 1; transcripts high-
lighted in blue in Supplementary Tables S3 and S4).
Similarly, LKB1-dependent up-regulation of 13 tran-
scripts is affected by K78I and SL26 mutations (Fig. 2b
and Table 1; transcripts highlighted in blue in Tables S3
and S4). These results suggest that, although the SL26
mutant retains its kinase activity in vitro, it also fails
to regulate some genes that do not respond to the
kinase-dead K78I mutant.

Among these commonly regulated transcripts we
identified several components of the Wnt signaling
pathway. Wnt proteins are secreted molecules that
transduce signals by binding to two distinct families of
cell surface receptors, namely the Frizzled (Fzd) family

Table 1 Genes differentially regulated in HeLa cells expressing wild-type versus mutant LKB1 kinase

Net affyx ID Accession no. Gene Relative changea

WT vs. YFP K78I vs. WT SL26 vs. WT

Genes up-regulated by LKB1-WT and down-regulated by LKB1 mutants
203570_at NM_005576 Lysyl oxidase-like 1 (LOXL1) 16.5 0.27 0.1
202628_s_at NM_000602.1 Plasminogen activator inhibitor type 1 (PA1) 8.1 0.2 0.1
204298_s_at NM_002317.1 Lysyl oxidase (LOX) 6.7 0.3 0.2
221029_s_at NM_030775.1 WNT5B 6.5 0.4 0.3
211719_x_at BC005858.1 Unknown (protein for MGC:3255)
215446_s_at L16895 Lysyl oxidase (LOX) gene, exon 7 5.6 0.4 0.2
212143_s_at NM_000598.1 Insulin-like growth factor binding

protein 3 (IGFBP3)
5.3 0.2 0.16

210495_x_at AF130095.1 Fibronectin 1 4.76 0.42 0.19
216442_x_at AK026737.1 Fibronectin 1 4.59 0.43 0.21
214247_s_at AU148057 Dickkopf 3 (DKK3) 4 0.5 0.4
213909_at AU147799 Homo sapiens cDNA FLJ12280

fis, clone MAMMA1001744
4 0.3 0.3

201578_at NM_005397.1 Podocalyxin-like (PODXL) 3.36 0.49 0.35
201952_at L38608.1 Activated leucocyte cell adhesion molecule 3.2 0.5 0.3

Potentially interesting
205547_s_at NM_003186.2 Transgelin (TAGLN) 20.7 0.3 0.1
210220_at NM_001466 Frizzled homolog 2 (FZD2) 3 0.52 0.4

Genes down-regulated by LKB1-WT and up-regulated by LKB1 mutants
204920_s_at W80357 Carbamoyl-phosphate synthetase 1,

mitochondrial (CPS1)
0.05 5.2 21

201926_s_at NM_000574.1 Decay accelerating factor
for complement (CD55)

0.1 4.5 8.1

211919_s_at AF348491.1 Chemokine receptor CXCR4 0.12 3.8 5.9
202946_s_at NM_014962.1 Homo sapiens KIAA0952 protein 0.19 2.98 6.61
217388_s_at D55639.1 Kynureninase (L-kynurenine hydrolase) 0.28 2.73 3.36
209869_at NM_000681.1 Alpha-2A adrenergic receptor mRNA 0.30 2.88 3.8
202388_at NM_002923.1 Regulator of G-protein signaling 2,

24 kD (RGS2)
0.3 2.2 3

202887_s_at NM_019058.1 Hypothetical protein (FLJ20500) 0.36 2.59 3.03

Potentially interesting
202890_at NM_003980 Microtubule-associated protein 7 (MAP7) 0.04 11.3 28
204748_at NM_000963 COX-2 0.15 3.8 2.12
205935_at NM_001451.1 Forkhead box F1 (FOXF1) 0.4 1.9b 2.4
204198_s_at NM_004350.1 Runt-related transcription

factor 3 (RUNX3)
0.4 1.6b 2.2

aExpression levels of transcripts found up- or down–regulated
upon YFP-LKB1-WT were compared with those found in YFP-
LKB1-K78I and YFP-LKB1-SL26 mutant expressing cells. Tran-
scripts whose expression levels are affected by both mutations are
listed. Only transcripts with expression (signal intensity) ratios of

>2 or <0.5 for induced or repressed transcripts, respectively, and
a P value of <0.05 are considered. Relative changes shown in bold
are associated with P values of >0.05
bChanges of less than twofold
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and the LDL-receptor-related-protein (LRP) family. In
contrast, members of the Dickkopf (Dkk) protein
family inhibit Wnt signal transduction. In particular,
we found that transcription of WNT5B and DKK3
(Dickkopf-3) is induced—6.5-fold and fourfold,
respectively—upon stable expression of YFP-LKB1-

WT (Table 1), and these differences were confirmed by
qRT-PCR (Fig. 3a). The Frizzled-2 gene (FZD2) was
tested by qRT-PCR because it was found to be up-
regulated in LKB1-WT-expressing cells and down-
regulated in cells that express K78I or SL26 (albeit
with a P>0.05 for the K78I vs. WT comparison);
qRT-PCR confirmed the microarray data. Similarly,
COX2, which has been identified as a target of Wnt
(Araki et al. 2003) is up-regulated twofold to fourfold
in mutant-expressing cells (Table 1). qRT-PCR also
confirmed the microarray data for COX2 (Fig. 3a). As
DKK3 expression is induced and COX2 expression is
repressed in YFP-LKB1-WT but not in mutant-
expressing cells, these results suggest that wild-type
LKB1 inhibits the Wnt signal transduction pathway
and that this function is compromised by mutations in
LKB1.

GSK-3b activation is impaired by the K78I
and SL26 mutations in LKB1

Canonical Wnt signaling is initiated by the formation of
a Wnt-Fzd-LRP complex, resulting in nuclear accumu-
lation of b-catenin and subsequent activation of target
genes. The secreted protein Dickkopf 1 (Dkk1) specifi-
cally inhibits complex formation by binding to the LRP,
thus inhibiting Wnt signaling by preventing accumula-
tion of b-catenin in the nucleus (Bafico et al. 2001).
Unphosphorylated b-catenin accumulates in the nucleus
and activates transcription of Wnt target genes con-
taining DNA binding sites for the TCF/LEF family of
transcription factors (TCF-LEF dependent), whereas
phosphorylated b-catenin is degraded by the proteasome
(Miller 2002). Based on the sequence homology between,
and the functional equivalence of, Dkk1 and Dkk3
in vitro (Caricasole et al. 2003), we further tested
the hypothesis that up-regulation of DKK3 in LKB1-

Fig. 3 Expression of WT but not mutant LKB1 proteins in HeLa
cells dys-regulates transcription of several genes involved in the
Wnt signaling and induces b-catenin phosphorylation by activation
of GSK-3b a qRT-PCR was performed on RNA extracts from
parental HeLa cells and from cells expressing WT or mutant (K78I
and SL26) LKB1 proteins. Data are means (± SD) from three
independent experiments analyzed in triplicate. Data are normal-
ized with reference to the housekeeping genes mentioned in
Materials and methods. Data obtained with RNA from HeLa
cells served as reference and the relative changes correspond to the
following ratios: LKB1-WT/HeLa, LKB1-K78I/HeLa, LKB1-
SL26/HeLa. Genes for components of the Wnt signaling pathway
(DKK3, FZD2 and WNT5B) and the Wnt target gene COX2 were
assayed. b, c Lysates of parental HeLa cells (-) or cells tranduced
with HA-LKB1-WT, HA-LKB1-K78I or HA-LKB1-SL26 were
prepared 5 days post-infection and fractionated by SDS-PAGE,
and selected endogenous proteins were detected by immunoblotting
with the following antibodies: anti-b-catenin and T41/S45
phospho-specific anti-b-catenin antibodies (b), or anti-GSK-3b,
S9 phospho-specific anti-GSK-3b and anti-HA antibodies (c). Anti-
actin antibodies were used to check that equal amounts of total
proteins (50 lg) had been loaded

b
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WT-expressing cells could inhibit canonical Wnt signal
transduction by inducing phosphorylation of b-catenin.
We used phospho-specific antibodies to analyze by
Western blotting the phosphorylation state of residues
T41 and S45 of b-catenin in protein extracts from cells
transduced with the empty YFP vector, or the LKB1-
WT, K78I or SL26 construct. We found that b-catenin is
phosphorylated only in LKB1-WT-expressing cells
(Fig. 3b), which is consistent with the idea that DKK3
overexpression results in the inhibition of canonical Wnt
signaling. In contrast, LKB1 proteins with mutations
affecting either its kinase activity (K78I) or its subcel-
lular localization (SL26) fail to induce b-catenin phos-
phorylation and therefore could potentially activate
canonical Wnt signaling. However, although b-catenin is
phosphorylated in LKB1-expressing cells, it is not de-
graded as expected: amounts of b-catenin in all extracts
are similar.

Regulation of the Wnt/b-catenin pathway is mediated
by the glycogen synthase kinase 3-beta (GSK-3b;

reviewed in Doble and Woodgett 2003)). De-phosphor-
ylation of GSK-3b at residue S9 activates its catalytic
activity, allowing it to phosphorylate its substrate b-
catenin (Harwood 2001). We therefore assayed GSK-3b
activity by Western analysis of protein extracts from
cells transduced with LKB1 WT or mutant LKB1. We
found that GSK-3b is phosphorylated at S9 in unin-
fected HeLa cells, and in cells expressing mutant (K78I
and SL26) but not WT LKB1 proteins (Fig. 3c). These
data demonstrate that LKB1 expression in HeLa cells is
sufficient to allow GSK-3b to become active, either by
inhibiting a kinase or activating a phosphatase specific
for GSK-3b. Furthermore, we show that, in LKB1-WT-
expressing cells, GSK-3b activity correlates with the
presence of phosphorylated b-catenin. These data indi-
cate that LKB1 negatively regulates transcription of
Wnt target genes by inducing-dephosphorylation of
GSK-3b. Therefore, we hypothesize that LKB1 mutants
that are defective in the ability to regulate the phos-
phorylation state of GSK-3b are likely to activate the
canonical Wnt pathway.

Wild-type LKB1 inhibits the canonical Wnt signaling
pathway

Microarray and biochemical data from HeLa cells thus
suggest that LKB1 may inhibit Wnt signaling. There-
fore, loss of functional LKB1 could lead to activation of
the canonical Wnt pathway. We proceeded to test the
hypothesis that LKB1 is a negative regulator of Wnt-
responsive genes and that LKB1 mutants found in PJS
patients are defective for this inhibitory activity on the
Wnt/b-catenin pathway. To explore Wnt signaling,
transcription of a TCF-LEF dependent luciferase
reporter gene was analyzed following co-transfection of
the reporter gene together with expression plasmids for
WT or mutant LKB1. Two reporter genes under the
control of TCF promoters were used to assay the
activity of the canonical Wnt pathway. The TOP-
FLASH plasmid contains multimeric TCF-binding sites
upstream of the luciferase reporter gene, whereas the
FOPFLASH version has mutations in the TCF-binding
sites. Activation of the canonical Wnt pathway is usually
measured by the ratio between the levels of luciferase
activity in cells transfected with the TOPFLASH and
FOPFLASH plasmids. In HeLa cells, this ratio is 1,
indicating that Wnt signaling is not constitutively active.
Therefore in the absence of any positive stimulus we
were unable to draw any conclusions regarding the
inhibitory effect of LKB1 expression on Wnt signaling in
HeLa cells using this reporter system (data not shown).

We then tested the TCF-LEF reporter luciferase in
A549 adenocarcinoma lung epithelial cells which, -like
Hela cells, do not express the endogenous LKB1 gene.
We found weak Wnt signaling in cells that had not been
transfected with any of the LKB1 constructs, since the
TOPFLASH/FOPFLASH ratio was around 2. We
found 30% inhibition of Wnt signaling upon expression

Fig. 4 Wild-type LKB1 inhibits canonical Wnt signaling in A549
lung epithelial cells. a Lysates of parental HeLa cells (-) or cells
tranduced with HA-LKB1-WT, HA-LKB1-K78I or HA-LKB1-
SL26 were prepared 5 days post-infection and fractionated by
SDS-PAGE, and selected endogenous proteins were detected by
immunoblotting with anti-cyclin D1 antibodies. b Constructs
expressing WT or mutant K78I or SL26 LKB1, as well as active
and mutated TCF-LEF luciferase reporter plasmids (TOPFLASH
and FOPFLASH), were transfected into A549 cells. Transcription
of the reporter gene was assayed by measuring luciferase activity
according the manufacturer’s instructions. Values are means
(± SD) of triplicate samples of three independent experiments
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of WT LKB1, whereas the K78I mutant had no effect
and SL26 actually activated signaling by up to 40%
(Fig. 4b). We also found that the level of cyclin D1
protein is higher in cells expressing mutant LKB1 than
in non-transduced HeLa cells, which is consistent with
increased transcription of at least some endogenous Wnt
target genes in LKB1 mutant-expressing cells (Fig. 4a).
This result suggests that LKB1 mutants are indeed able
to activate canonical Wnt signaling on their own, and is
consistent with the presence of less phosphorylated b-
catenin in cells expressing mutant LKB1 than in non-
transduced cells (Fig. 3b). However, in contrast to SL26,
the K78I mutant has no effect on Wnt signal transduc-
tion in A549 cells, suggesting that the ability of LKB1
mutants to activate Wnt signaling could be dependent
on the cell type considered.

Taken together, our data suggest that LKB1 nega-
tively regulates the Wnt/b-catenin pathway and that
activation of this pathway could be a common feature of
PJS mutants. As activation of Wnt signaling has been
implicated in the development of many cancers, includ-
ing colorectal and ovarian cancers (Giles et al. 2003),
this finding is compatible with the cancer predisposition
of PJS patients.

Other notable transcriptome differences

Among the other transcriptome differences listed in
Table 1, several interesting transcripts that appear to be
functionally relevant for the involvement of LKB1 in
tumor suppression, embryogenesis or vasculogenesis
were identified. One of these encodes transgelin (TAG-
LN alias SM22a), which is a marker for differentiated
smooth muscle cells and is important in blood vessel
formation (Zhang et al. 2001); its expression is highly
increased in LKB1 expressing cells. Because the P
value for TAGLN was >0.05 in K78I-expressing cells,
TAGLN expression was determined at the mRNA and

protein levels using quantitative qRT-PCR and Western
analysis, respectively. Our data show that TAGLN is
only expressed in LKB1-tranduced cells; the ability to
induce TAGLN expression is abolished by both K78I
and SL26 mutations (Fig. 5a, c).

We also confirmed by qRT-PCR that LKB1 muta-
tions affect the capacity of LKB1 to down-regulate genes

Fig. 5 Expression of exogenous LKB1 in HeLa cells is associated
with mis-regulation of other genes mainly involved in vasculogen-
esis. qRT-PCR was performed on RNA extracts from parental
HeLa cells and from cells expressing WT or mutant (K78I and
SL26) LKB1 proteins. Data are means (± SD) from three
independent experiments analyzed in triplicate. Data are normal-
ized with respect to the housekeeping genes mentioned in Materials
and methods. Data obtained with RNA from HeLa cells served as
reference and the relative changes correspond to the following
ratios: LKB1-WT/HeLa, LKB1-K78I/HeLa, LKB1-SL26/HeLa.
Genes up-regulated by LKB1-WT (such as IGFBP3 and TAGLN)
were tested in a and genes down-regulated by LKB1-WT (such as
FOXF1, BMP6 and RUNX3) were tested in b, c Lysates from
parental HeLa cells (-) or cells tranduced with HA-LKB1-WT, HA-
LKB1-K78I or HA-LKB1-SL26 were prepared 5 days post-
infection and fractionated by SDS-PAGE, and selected endogenous
proteins were detected by immunoblotting with the following
antibodies: anti-fibronectin, anti-IGFBP3, anti-transgelin antibod-
ies. Anti-actin antibodies were used to check that equal amounts of
total protein (50 lg) had been loaded

c
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such FOXF1 (which encodes a transcription factor
important for cell migration; Kalinichenko et al. 2002),
BMP6 (which codes for a signaling molecule important
during development for cell communication; Perr et al.
1999) and RUNX3 (a tumor suppressor gene for gastric
cancer; Li et al. 2002) (Fig. 5b).

We also found that the expression of genes involved
in vasculogenesis, such as LOXL1, PODXL and IG-
FBP3, was similarly affected in cells expressing either
LKB1 mutant. LOXL1 encodes lysyl oxidase-like 1
protein, which catalyzes the oxidative deamination of
lysine residues in elastin. Interestingly, vascular abnor-
malities occur in mice lacking LOXL1 (Liu et al. 2004).
PODXL (Kershaw et al. 1997) and IGFBP3 (Lee et al.
1999) are highly expressed in vascular endothelium cells
and might regulate vascularization. We confirmed by
qRT-PCR and Western analysis that IGFBP3 tran-
scripts are induced upon expression of wild type LKB1
but not mutant proteins (Fig. 5a, c).

The amount of fibronectin in protein extracts from
cells expressing wild type or mutant LKB1 was also
analyzed, since fibronectin levels are reduced in trans-
formed cells (Spicer and Branton 1980). While fibro-
nectin RNA levels are decreased in all transductants
expressing mutant LKB1 (Table 1), the protein level was
found to be reduced only in extracts obtained from
SL26-expressing cells (Fig. 5c). This result supports the
notion that LKB1 mutations have distinct effects and
suggests that the SL26 mutant might be the more potent
promoter of tumorigenesis. Moreover, these data iden-
tify new candidate proteins for involvement in metabolic
pathways regulated by LKB1.

Discussion

This study was designed to investigate the molecular
pathogenesis of PJS by comparing transcription profiles
of cells expressing exogenous WT or mutant LKB1. The
use of both K78I and SL26 mutants in our transcrip-
tome analysis makes the present work complementary to
previous array studies performed in lung epithelial A549
(Jimenez et al. 2003) or LKB1 null MEF cells (Bardeesy
et al. 2002). We took advantage of the ability of lentiv-
iral vectors to drive the expression of low levels of LKB1
protein in a homogeneous cell population. In contrast to
previous studies, this allowed us to perform microarray
analysis in growing HeLa cells, simply because LKB1 is
not overexpressed. HeLa cells have been extensively
used to study LKB1 functions because they lack
endogenous LKB1 expression (Smith et al. 2001; Sap-
kota et al. 2002) and therefore are useful for functional
analysis of wild-type or mutant LKB1 proteins. Our
microarray data analysis confirmed the suitability of this
cell line as a model system for the study of LKB1
functions since it is consistent with the activation of
SMAD4/TGF-b signaling upon expression of LKB1,
and with COX2 up-regulation in association with loss of
LKB1 function, two features previously linked to LKB1

function (Smith et al. 2001; Jishage et al. 2002; Rossi
et al. 2002; Wei et al. 2003).

In Lkb1+/� mice, haploinsufficiency for LKB1 is
responsible for polyp formation (Jishage et al. 2002). In
humans, despite the fact that loss of heterozygosity
(LOH) affecting the WT allele is found in 70% of tumors
isolated from PJS patients (Hemminki et al. 1997), there
is no evidence that polyposis and cancer predisposition
arise from LOH only. Although further investigations
are necessary to establish that LKB1 mutant alleles are
expressed in PJS patients, comparisons of transcripto-
mes from cells expressing wild-type versus mutant LKB1
proteins highlights signaling pathways that are poten-
tially affected by LKB1 mutations found in PJS patients.

Transcriptome comparisons of cells expressing mu-
tant versus wild type LKB1 show that: (1) the LKB1-
dependent transcription of some genes is affected by
both K78I and SL26 mutations, and (2) these LKB1
mutations also have different effects on overall gene
expression. We determined that almost all genes affected
by the LKB1-K78I mutant (which lacks kinase activity)
are also misregulated in cells that express the SL26
mutant (which accumulates in the nucleus). This result is
surprising, because SL26 retains its kinase activity, as
indicated by in vitro tests (data not shown), but confirms
previous evidence that both the kinase activity and the
cytoplasmic localization of LKB1 are necessary for this
protein to perform its normal cellular function (Nezu
et al. 1999). This implies that at least some of the targets
of LKB1 are likely to be cytoplasmic.

In addition, de novo expression of YFP-LKB-SL26
affects specific genes, whose expression is not modified
by either YFP-LKB-WT or YFP-LKB-K78I. This sug-
gests that nuclear accumulation of SL26 induces a spe-
cific cellular response and that this particular mutant
might have acquired new functions, probably phos-
phorylating novel nuclear substrates.

Many amino acid substitutions found in PJS patients
result in loss of kinase activity. How the SL26 mutation
leads to the PJS phenotype has remained an open
question. Our microarray experiment partially answers
this question by pinpointing several genes that are
commonly affected in both K78I- and SL26-expressing
cells. In agreement with the proposed function of LKB1,
genes identified by our microarray data as being differ-
ently regulated between cells expressing WT or mutant
LKB1 proteins are mostly involved in cellular differen-
tiation, and in cell adhesion and migration. Several of
these genes play a role in vasculogenesis (LOX, IGFBP3,
TAGLN, and PODXL). This finding is of interest, since
Lkb1�/� mice exhibit vascular abnormalities, and show
a complete absence of vascular smooth muscle cells in
the dorsal aorta and somites (Ylikorkala et al. 2001).

Interestingly, we found several of the genes that are
misregulated in mutant-expressing cells are involved in
Wnt signaling, supporting recent observations that
LKB1 regulates developmental processes through this
pathway (Ossipova et al. 2003; Spicer et al. 2003). We
identified DKK3, WNT5B and FZD2 as potential
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candidates for this regulation. Several studies provide
evidence that WNT5A (a close homolog of WNT5B) is
able to antagonize the Wnt/b-catenin pathway (Miller
et al. 1999). WNT5A may act as a tumor suppressor
since it is able to suppress transformation by WNT1.
Furthermore, expression of Xenopus Wnt5A leads to an
increase in Ca2+ fluxes and to activation of protein ki-
nase C (Miller et al. 1999). In contrast, very little is
known about functions of WNT5B, and further inves-
tigations are necessary to establish whether its functions
are similar to those of WNT5A. FZD2, WNT5A and
PLC activate the Wnt/Ca2+ pathway, while proteins
belonging to the Dickkopf family inhibit the Wnt/b-
catenin pathway (Miller 2002). Based on the sequence
homologies between WNT5A and WNT5B, as well as
those between DKK1 and DKK3, our microarray data
suggest that LKB1 could be a molecular switch for Wnt
signaling, activating the Wnt/Ca2+ pathway and inhib-
iting Wnt/b-catenin signaling. In contrast, LKB1 mu-
tants might be impaired in this switch regulation. As the
canonical Wnt pathway is essential for the integrity of
intestinal crypt cells and for epithelium homeostasis
(Pinto et al. 2003), failure to properly regulate this
pathway could explain the propensity of PJS patients to
develop polyposis.

LKB1 has recently been reported to be a regulator
of GSK-3b activity (Ossipova et al. 2003). Experi-
mental data presented in that report suggested that
GSK-3b might be a substrate for LKB1, since reduc-
tion of LKB1 expression resulted in diminished phos-
phorylation of GSK-3b at residue S9. In contrast, we
found that de novo LKB1 expression results in
dephosphorylation of GSK-3b at the same S9 residue.
Hence, our data support the idea that GSK-3b is not a
direct substrate for LKB1. Furthermore, our data are
consistent with the failure of immunoprecipitated
Xenopus LKB1 (XEEK1) to directly phosphorylate the
GSK-3b protein (Ossipova et al. 2003). Our finding
that LKB1 protein activates GSK-3b is particularly
instructive since both proteins have previously been
implicated in regulating cell polarity (Watts et al. 2000;
Etienne-Manneville and Hall 2003; Martin and St
Johnston 2003; Baas et al. 2004a). The inability of
mutant forms of LKB1 to activate GSK-3b might
therefore be responsible for the lethality of mutations
in LKB1 orthologs in C. elegans and D. melanogaster,
as well as in Lkb1�/� knockout mice.

Finally, we show that expression of LKB1 inhibits
Wnt signaling in A549 cells, another cell line that lacks
endogenous LKB1 (Carretero et al. 2004). However, in
transduced HeLa cells, LKB1-mediated phosphoryla-
tion of b-catenin did not seem to lead to degradation of
the latter by the proteosome. In order to explain this
apparently conflicting result, b-catenin localization was
investigated by performing immunostaining for total
and phosphorylated b-catenin in HeLa cells expressing
WT or mutant LKB1 proteins. Upon expression of
mutant LKB1, the number of cells with nuclear b-cate-
nin staining is increased, whereas b-catenin localizes

preferentially at membranes in non-transduced cells and
in the cytoplasm in cells expressing WT LKB1 (data not
shown). One possible explanation for the accumulation
of b-catenin in WT LKB1 expressing cells is that, upon
LKB1 expression, phosphorylated b-catenin is not
ubiquitinated and therefore not targeted for degrada-
tion. Although we cannot explain how LKB1 blocks
Wnt signal without promoting b-catenin proteolysis, this
result is consistent with the effect of LKB1 expression in
HCT116 cells (in which one b-catenin allele is mutated at
Ser45 and cannot be targeted for degradation to the
proteosome). Although TCF/b-catenin dependent tran-
scription is constitutively activated in this particular
HCT116 cell line, exogenous expression of LKB1
decreases Wnt signaling by 50% (data not shown). This
observation supports the notion that degradation of
b-catenin might be unrelated to the ability of LKB1 to
inhibit Wnt signaling.

In A549 cells, the LKB1 kinase activity is necessary
for this inhibition. In contrast, SL26 stimulates tran-
scription of Wnt target genes, as revealed using a re-
porter gene and by the response of the endogenous
target gene encoding cyclin D1. This probably occurs
because SL26 is impaired in its ability to regulate
GSK-3b activity, resulting in the presence of unphos-
phorylated b-catenin in SL26-expressing cells. This
finding is of interest, as somatic mutations at codons
41 and 37 in the b-catenin gene (Miyaki et al. 2000),
as well as nuclear accumulation of b-catenin (Back
et al. 1999), have been reported in gastrointestinal
polyps from PJS patients. Notably, mutations in the
APC gene that are associated with familial adenoma-
tous polyposis (FAP) result in the development of
polyposis and colon carcinomas through activation of
the Wnt/b-catenin pathway (Giles et al. 2003). This
suggests that mutations in genes that regulate b-cate-
nin phosphorylation are generally involved in the
development of polyposis and cancer predisposition.
The ability of the SL26 mutant to activate the Wnt/b-
catenin pathway is consistent with this hypothesis. The
question whether activation of this pathway, either by
the positive effect of a gain-of-function LKB1 mutant
(such as SL26) or by loss of the inhibitory LKB1
function, is a common feature of PJS mutants must
remain open. As activation of the Wnt pathway has
been implicated in the development of many cancers,
including colorectal and ovarian cancers (Giles et al.
2003), this finding is compatible with the cancer pre-
disposition of PJS patients. Moreover, our study has
identified novel candidates for a second potential PJS
locus.

Acknowledgements We thank Dr. P. Descombes, Dr. M. Docquier,
Dr. D. Chollet and Dr. O. Schaad, members of the NCCR genomic
platform of the University of Geneva, for assistance in microarray
and real-time RT-PCR analysis; Dr. C. Chaponnier (University of
Geneva, Switzerland) for her kind gift of TAGLN antibodies, Dr.
M. Neerman-Arbez, Dr. A. Reymond and Dr. R. Lyle for their
critical reading of the manuscript; Dr. R. Moon for the gift of
TOPflash/FOPflash vectors. N.L.M was supported by the Swiss

194



National Science Foundation and the S.E.A laboratory was sup-
ported by grants from the Swiss Cancer League.

References

Araki Y, Okamura S, Hussain SP, Nagashima M, He P, Shiseki M,
Miura K, Harris CC (2003) Regulation of cyclooxygenase-2
expression by theWnt and ras pathways. Cancer Res 63:728–734

Baas AF, Boudeau J, Sapkota GP, Smit L, Medema R, Morrice
NA, Alessi DR, Clevers HC (2003) Activation of the tumour
suppressor kinase LKB1 by the STE20-like pseudokinase
STRAD. EMBO J 22:3062–3072

Baas AF, Kuipers J, van der Wel NN, Batlle E, Koerten HK,
Peters PJ, Clevers HC (2004a) Complete polarization of single
intestinal epithelial cells upon activation of LKB1 by STRAD.
Cell 116:457–466

Baas AF, Smit L, Clevers H (2004b) LKB1 tumor suppressor
protein: PARtaker in cell polarity. Trends Cell Biol 14:312–319

Back W, Loff S, Jenne D, Bleyl U (1999) Immunolocalization of
beta catenin in intestinal polyps of Peutz–Jeghers and juvenile
polyposis syndromes. J Clin Pathol 52:345–349

Bafico A, Liu G, Yaniv A, Gazit A, Aaronson SA (2001) Novel
mechanism of Wnt signalling inhibition mediated by Dickkopf-
1 interaction with LRP6/Arrow. Nat Cell Biol 3:683–686

Bardeesy N, Sinha M, Hezel AF, Signoretti S, Hathaway NA,
Sharpless NE, Loda M, Carrasco DR, DePinho RA (2002)
Loss of the Lkb1 tumour suppressor provokes intestinal
polyposis but resistance to transformation. Nature 419:162–167

Blumer JB, Bernard ML, Peterson YK, Nezu J, Chung P, Dunican
DJ, Knoblich JA, Lanier SM (2003) Interaction of AGS3 with
LKB1, a serine-threonine kinase involved in cell polarity and
cell cycle progression: phosphorylation of the GPR-motif as a
regulatory mechanism for the interaction of GPR motifs with
Gialpha. J Biol Chem 278:23217–23220

Boardman LA, Thibodeau SN, Schaid DJ, Lindor NM, McDon-
nell SK, Burgart LJ, Ahlquist DA, Podratz KC, Pittelkow M,
Hartmann LC (1998) Increased risk for cancer in patients with
the Peutz–Jeghers syndrome. Ann Intern Med 128:896–899

Boudeau J, Baas AF, Deak M, Morrice NA, Kieloch A, Schut-
kowski M, Prescott AR, Clevers HC, Alessi DR (2003a)
MO25alpha/beta interact with STRADalpha/beta, enhancing
their ability to bind, activate and localize LKB1 in the cyto-
plasm. EMBO J 22:5102–5114

Boudeau J, Kieloch A, Alessi DR, Stella A, Guanti G, Resta N
(2003b) Functional analysis of LKB1/STK11 mutants and two
aberrant isoforms found in Peutz–Jeghers syndrome patients.
Hum Mutat 21:172

Boudeau J, Sapkota G, Alessi DR (2003c) LKB1, a protein kinase
regulating cell proliferation and polarity. FEBSLett 546:159–165

Caricasole A, Ferraro T, Iacovelli L, Barletta E, Caruso A, Mel-
chiorri D, Terstappen GC, Nicoletti F (2003) Functional
characterization of WNT7A signaling in PC12 cells: interaction
with a FZD5 · LRP6 receptor complex and modulation by
Dickkopf proteins. J Biol Chem 278:37024–37031

Carretero J, Medina PP, Pio R, Montuenga LM, Sanchez-Cespedes
M (2004) Novel and natural knockout lung cancer cell lines for
the LKB1/STK11 tumor suppressor gene. Oncogene 23:4037–
4040

Collins SP, Reoma JL, Gamm DM, Uhler MD (2000) LKB1, a
novel serine/threonine protein kinase and potential tumour
suppressor, is phosphorylated by cAMP-dependent protein ki-
nase (PKA) and prenylated in vivo. Biochem J 345:673–680

Corradetti MN, Inoki K, Bardeesy N, DePinho RA, Guan KL
(2004) Regulation of the TSC pathway by LKB1: evidence of a
molecular link between tuberous sclerosis complex and Peutz–
Jeghers syndrome. Genes Dev 18:1533–1538

Dennler S, Itoh S, Vivien D, ten Dijke P, Huet S, Gauthier JM
(1998) Direct binding of Smad3 and Smad4 to critical
TGF beta-inducible elements in the promoter of human plas-
minogen activator inhibitor-type 1 gene. EMBO J 17:3091–3100

Doble BW, Woodgett JR (2003) GSK-3: tricks of the trade for a
multi-tasking kinase. J Cell Sci 116:1175–1186

Etienne-Manneville S, Hall A (2003) Cdc42 regulates GSK-3beta
and adenomatous polyposis coli to control cell polarity. Nature
421:753–756

Giardiello FM, Brensinger JD, Tersmette AC, Goodman SN,
Petersen GM, Booker SV, Cruz-Correa M, Offerhaus JA (2000)
Very high risk of cancer in familial Peutz–Jeghers syndrome.
Gastroenterology 119:1447–1453

Giles RH, van Es JH, Clevers H (2003) Caught up in a Wnt storm:
Wnt signaling in cancer. Biochim Biophys Acta 1653:1–24

Harwood AJ (2001) Regulation of GSK-3: a cellular multiproces-
sor. Cell 105:821–824

Hawley SA, Boudeau J, Reid JL, Mustard KJ, Udd L, Makela TP,
Alessi DR, Hardie DG (2003) Complexes between the LKB1
tumor suppressor, STRADalpha/beta and MO25alpha/beta are
upstream kinases in the AMP-activated protein kinase cascade.
J Biol 2:28

Hemminki A et al (1998) A serine/threonine kinase gene defective
in Peutz–Jeghers syndrome. Nature 391:184–187

Hemminki A, Tomlinson I, Markie D, Jarvinen H, Sistonen P,
Bjorkqvist AM, Knuutila S, Salovaara R, Bodmer W, Shibata
D, de la Chapelle A, Aaltonen LA (1997) Localization of a
susceptibility locus for Peutz–Jeghers syndrome to 19p using
comparative genomic hybridization and targeted linkage anal-
ysis. Nat Genet 15:87–90

Hong SP, Leiper FC, Woods A, Carling D, Carlson M (2003)
Activation of yeast Snf1 and mammalian AMP-activated pro-
tein kinase by upstream kinases. Proc Natl Acad Sci USA
100:8839–8843

Hubbell E, Liu WM, Mei R (2002) Robust estimators for expres-
sion analysis. Bioinformatics 18:1585–1592

Jenne DE, Reimann H, Nezu J, Friedel W, Loff S, Jeschke R,
Muller O, Back W, Zimmer M (1998) Peutz–Jeghers syndrome
is caused by mutations in a novel serine threonine kinase. Nat
Genet 18:38–43

Jimenez AI, Fernandez P, Dominguez O, Dopazo A, Sanchez-
Cespedes M (2003) Growth and molecular profile of lung can-
cer cells expressing ectopic LKB1: down-regulation of the
phosphatidylinositol 3¢-phosphate kinase/PTEN pathway.
Cancer Res 63:1382–1388

Jishage K, Nezu J, Kawase Y, Iwata T, Watanabe M, Miyoshi A,
Ose A, Habu K, Kake T, Kamada N, Ueda O, Kinoshita M,
Jenne DE, Shimane M, Suzuki H (2002) Role of Lkb1, the
causative gene of Peutz-Jegher’s syndrome, in embryogenesis
and polyposis. Proc Natl Acad Sci USA 99:8903–8908

Kalinichenko VV, Zhou Y, Bhattacharyya D, Kim W, Shin B,
Bambal K, Costa RH (2002) Haploinsufficiency of the mouse
Forkhead Box f1 gene causes defects in gall bladder develop-
ment. J Biol Chem 277:12369–12374

Karuman P, Gozani O, Odze RD, Zhou XC, Zhu H, Shaw R,
Brien TP, Bozzuto CD, Ooi D, Cantley LC, Yuan J (2001) The
Peutz–Jeghers gene product LKB1 is a mediator of p53-
dependent cell death. Mol Cell 7:1307–1319

Kershaw DB, Beck SG, Wharram BL, Wiggins JE, Goyal M,
Thomas PE, Wiggins RC (1997) Molecular cloning and char-
acterization of human podocalyxin-like protein. Orthologous
relationship to rabbit PCLP1 and rat podocalyxin. J Biol Chem
272:15708–15714

Lee WH, Wang GM, Yang XL, Seaman LB, Vannucci SI (1999)
Perinatal hypoxia-ischemia decreased neuronal but increased
cerebral vascular endothelial IGFBP3 expression. Endocrine
11:181–188

Li QL et al (2002) Causal relationship between the loss of RUNX3
expression and gastric cancer. Cell 109:113–124

Liu WM, Mei R, Di X, Ryder TB, Hubbell E, Dee S, Webster TA,
Harrington CA, Ho MH, Baid J, Smeekens SP (2002) Analysis
of high density expression microarrays with signed-rank call
algorithms. Bioinformatics 18:1593–1599

Liu X, Zhao Y, Gao J, Pawlyk B, Starcher B, Spencer JA, Yana-
gisawa H, Zuo J, Li T (2004) Elastic fiber homeostasis requires
lysyl oxidase-like 1 protein. Nat Genet 36:178–182

195



Marignani PA, Kanai F, Carpenter CL (2001) LKB1 associates
with Brg1 and is necessary for Brg1-induced growth arrest.
J Biol Chem 276:32415–32418

Martin SG, St Johnston D (2003) A role for Drosophila LKB1 in
anterior-posterior axis formation and epithelial polarity. Nat-
ure 421:379–384

Mehenni H, Gehrig C, Nezu J, Oku A, ShimaneM, Rossier C, Guex
N, Blouin JL, Scott HS, Antonarakis SE (1998) Loss of LKB1
kinase activity in Peutz–Jeghers syndrome, and evidence for
allelic and locus heterogeneity. Am J Hum Genet 63:1641–1650

Miller JR (2002) The Wnts. Genome Biol 3:REVIEWS3001
Miller JR, Hocking AM, Brown JD, Moon RT (1999) Mechanism

and function of signal transduction by the Wnt/beta-catenin
and Wnt/Ca2+ pathways. Oncogene 18:7860–7872

Miyaki M, Iijima T, Hosono K, Ishii R, Yasuno M, Mori T, Toi
M, Hishima T, Shitara N, Tamura K, Utsunomiya J, Kobay-
ashi N, Kuroki T, Iwama T (2000) Somatic mutations of LKB1
and beta-catenin genes in gastrointestinal polyps from patients
with Peutz–Jeghers syndrome. Cancer Res 60:6311–6313

Miyoshi H, Nakau M, Ishikawa TO, Seldin MF, Oshima M, Ta-
keto MM (2002) Gastrointestinal hamartomatous polyposis in
Lkb1 heterozygous knockout mice. Cancer Res 62:2261–2266

Naldini L,BlomerU,GallayP,OryD,MulliganR,GageFH,Verma
IM,TronoD (1996) In vivo gene delivery and stable transduction
of nondividing cells by a lentiviral vector. Science 272:263–267

Nezu J, Oku A, Shimane M (1999) Loss of cytoplasmic retention
ability of mutant LKB1 found in Peutz–Jeghers syndrome pa-
tients. Biochem Biophys Res Commun 261:750–755

Ossipova O, Bardeesy N, DePinho RA, Green JB (2003) LKB1
(XEEK1) regulates Wnt signalling in vertebrate development.
Nat Cell Biol 5:889–894

Perr HA, Ye J, Gitelman SE (1999) Smooth muscle expresses bone
morphogenetic protein (Vgr-1/BMP-6) in human fetal intestine.
Biol Neonate 75:210–214

Pinto D, Gregorieff A, Begthel H, Clevers H (2003) Canonical Wnt
signals are essential for homeostasis of the intestinal epithelium.
Genes Dev 17:1709–1713

Rossi DJ, Ylikorkala A, Korsisaari N, Salovaara R, Luukko K,
Launonen V, Henkemeyer M, Ristimaki A, Aaltonen LA,
Makela TP (2002) Induction of cyclooxygenase-2 in a mouse
model of Peutz–Jeghers polyposis. Proc Natl Acad Sci USA
99:12327–12332

Salmon P, Kindler V, Ducrey O, Chapuis B, Zubler RH, Trono D
(2000) High-level transgene expression in human hematopoietic
progenitors and differentiated blood lineages after transduction
with improved lentiviral vectors. Blood 96:3392–3398

Sapkota GP, Kieloch A, Lizcano JM, Lain S, Arthur JS, Williams
MR, Morrice N, Deak M, Alessi DR (2001) Phosphorylation of
the protein kinase mutated in Peutz–Jeghers cancer syndrome,
LKB1/STK11, at Ser431 by p90(RSK) and cAMP-dependent
protein kinase, but not its farnesylation at Cys(433), is essential
for LKB1 to suppress cell growth. J Biol Chem 276:19469–19482

Sapkota GP, Deak M, Kieloch A, Morrice N, Goodarzi AA,
Smythe C, Shiloh Y, Lees-Miller SP, Alessi DR (2002) Ionizing
radiation induces ataxia telangiectasia mutated kinase (ATM)-
mediated phosphorylation of LKB1/STK11 at Thr-366. Bio-
chem J 368:507–516

Schwarte-Waldhoff I, Volpert OV, Bouck NP, Sipos B, Hahn SA,
Klein-Scory S, Luttges J, Kloppel G, Graeven U, Eilert-Micus
C, Hintelmann A, Schmiegel W (2000) Smad4/DPC4-mediated
tumor suppression through suppression of angiogenesis. Proc
Natl Acad Sci USA 97:9624–9629

Smith DP, Spicer J, Smith A, Swift S, Ashworth A (1999) The
mouse Peutz–Jeghers syndrome gene Lkb1 encodes a nuclear
protein kinase. Hum Mol Genet 8:1479–1485

Smith DP, Rayter SI, Niederlander C, Spicer J, Jones CM, Ash-
worth A (2001) LIP1, a cytoplasmic protein functionally linked
to the Peutz–Jeghers syndrome kinase LKB1. Hum Mol Genet
10:2869–2877

Spicer D, Branton PE (1980) Reduction of cell surface fibronectin
(LETS protein) correlates with tumorigenicity of hamster fi-
broblasts transformed by herpes simplex virus type 2. Intervi-
rology 13:58–64

Spicer J, Rayter S, Young N, Elliott R, Ashworth A, Smith D
(2003) Regulation of the Wnt signalling component PAR1A by
the Peutz–Jeghers syndrome kinase LKB1. Oncogene 22:4752–
4756

Su JY, Erikson E, Maller JL (1996) Cloning and characterization
of a novel serine/threonine protein kinase expressed in early
Xenopus embryos. J Biol Chem 271:14430–14437

Sutherland CM, Hawley SA, McCartney RR, Leech A, Stark MJ,
Schmidt MC, Hardie DG (2003) Elm1p is one of three up-
stream kinases for the Saccharomyces cerevisiae SNF1 complex.
Curr Biol 13:1299–1305

Tiainen M, Ylikorkala A, Makela TP (1999) Growth suppression
by Lkb1 is mediated by a G(1) cell cycle arrest. Proc Natl Acad
Sci USA 96:9248–9251

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De
Paepe A, Speleman F (2002) Accurate normalization of real-
time quantitative RT-PCR data by geometric averaging of
multiple internal control genes. Genome Biol 3:RE-
SEARCH0034

Watts JL, Morton DG, Bestman J, Kemphues KJ (2000) The C.
elegans par-4 gene encodes a putative serine-threonine kinase
required for establishing embryonic asymmetry. Development
127:1467–1475

Wei C, Amos CI, Rashid A, Sabripour M, Nations L, McGarrity
TJ, Frazier ML (2003) Correlation of staining for LKB1 and
COX-2 in hamartomatous polyps and carcinomas from patients
with Peutz–Jeghers Syndrome. J Histochem Cytochem 51:1665–
1672

Woods A, Johnstone SR, Dickerson K, Leiper FC, Fryer LG,
Neumann D, Schlattner U, Wallimann T, Carlson M, Carling
D (2003) LKB1 is the upstream kinase in the AMP-activated
protein kinase cascade. Curr Biol 13:2004–2008

Ylikorkala A et al (1999) Mutations and impaired function of
LKB1 in familial and non-familial Peutz–Jeghers syndrome and
a sporadic testicular cancer. Human Mol Genet 8:45–51

Ylikorkala A, Rossi DJ, Korsisaari N, Luukko K, Alitalo K,
Henkemeyer M, Makela TP (2001) Vascular abnormalities and
deregulation of VEGF in Lkb1-deficient mice. Science
293:1323–1326

Yoo LI, Chung DC, Yuan J (2002) LKB1—a master tumour
suppressor of the small intestine and beyond. Nat Rev Cancer
2:529–535

Zhang JC, Kim S, Helmke BP, Yu WW, Du KL, Lu MM,
Strobeck M, Yu Q, Parmacek MS (2001) Analysis of
SM22alpha-deficient mice reveals unanticipated insights into
smooth muscle cell differentiation and function. Mol Cell Biol
21:1336–1344

Zufferey R, Donello JE, Trono D, Hope TJ (1999) Woodchuck
hepatitis virus posttranscriptional regulatory element enhances
expression of transgenes delivered by retroviral vectors. J Virol
73:2886–2892

196




