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ABSTRACT

Germ-line mutations in LKB1 gene cause the Peutz-Jeghers syndrome
(PJS), a genetic disease with increased risk of malignancies. Recently,
LKB1-inactivating mutations have been identified in one-third of sporadic
lung adenocarcinomas, indicating that LKB1 gene inactivation is critical in
tumors other than those of the PJS syndrome. However, the in vivo
substrates of LKB1 and its role in cancer development have not been
completely elucidated. Here we show that overexpression of wild-type
LKB1 protein in A549 lung adenocarcinomas cells leads to cell-growth
suppression. To examine changes in gene expression profiles subsequent to
exogenous wild-type LKB1 in A549 cells, we used cDNA microarrays. We
detected deregulation of 100 genes involved in cell proliferation, apoptosis,
and cell adhesion. Strikingly, modification of the expression of well-known
p53-responsive genes such as GADD45, TOP2A, and p21 suggests that
growth suppression in A549 cells overexpressing LKB1 may be mediated
by p53. In addition, PTEN up-regulation indicates that LKB1 could be
involved in the PTEN/phosphatidylinositol-3�-kinase(PI3K)/AKT molecu-
lar pathway. Thus, our results give some insights into the understanding
of how LKB1 inactivation contributes to lung carcinogenesis.

INTRODUCTION

PJS3 is an autosomal dominantly inherited disorder that predisposes
to multiple hamartomatous polyps in the gastrointestinal tract and
mucocutaneous pigmented spots in different mucosas (1). Patients
with PJS are highly predisposed to developing cancer (�15 times
more likely than the general population). Malignant neoplasms may
occur in a variety of tissues, including colon, small intestine, breast,
cervix, ovary, pancreas, and lung (2). PJS is caused by germ-line
mutations in theLKB1 gene, also known asSTK11 (3, 4), which
encodes a conservative and ubiquitously expressed serine/threonine
kinase the substrates of which have yet to be characterized. Human
LKB1 shows strong homology with the cytoplasmic serine/threonine
kinase of several organisms (5), including mouse (6). LKB1 is a
436-amino-acid protein with a kinase domain (residues 50–337) and
a putative COOH-terminal regulatory domain. Moreover, the protein
contains two potential nuclear localization signals located between
amino acids 38–43 and 81–84. Additionally, cytoplasmic and mito-
chondrial localization signals have been reported (7, 8). Several
authors have observed that LKB1 overexpression in different tumor
cell lines induced cell growth suppression, in some cases by blocking

the cell cycle in G1 (8, 9). However, the intrinsic mechanism by which
LKB1 activity is regulated in cells and how it leads to the suppression
of cell growth is still unknown. It has been proposed that growth
suppression by LKB1 is mediated through p21 in a p53-dependent
mechanism (7). In addition, it has been observed that LKB1 binds to
brahma-related gene 1 protein (BRG1) and this interaction is required
for BRG1-induced growth arrest (10). Similar to what happens in the
PJS,Lkb1 heterozygous knockout mice show gastrointestinal hamar-
tomatous polyposis and frequent hepatocellular carcinomas (11, 12).
Interestingly, the hamartomas, but not the malignant tumors, arising in
Lkb1�/� mice had no inactivation of the remainingLkb1 wild-type
allele, suggesting a haploinsufficient mechanism in the hamartoma
formation. TheLkb1 gene knockout mouse is lethal in embryos and
causes multiple developmental defects, including aberrant vessel for-
mation in the yolk sac and in the placenta, coupled with a marked
dysregulation of vascular endothelial growth factor expression (13).

OccasionalLKB1 gene mutations or promoter hypermethylation
have been reported in some sporadic tumors from the pancreas, breast,
and cervix, among others (14–16). In LACs, losses of heterozygosity
in chromosome 19p are very common (17), and we have recently
shown thatLKB1 is the gene target because at least one-third of LACs
harbor inactivatingLKB1 mutations (18). Despite its relevance and,
partly becauseLKB1 was not cloned until recently (3, 4), its biological
function has not been completely elucidated nor have its upstream or
downstream components been identified. This information is critical
because it will allow us to understand whether LKB1 belongs to any
of the already known cancer pathways or, alternatively, to identify
new cancer cascades, relevant to the design of specific cancer thera-
peutic targets.

To investigate further the biological role ofLKB1 and its relevance
in lung cancer development, we expressed wild-type and mutant
LKB1 ectopically in A549 lung cancer cells, which are LKB1-defi-
cient (18), and analyzed changes in cell growth and gene expression
patterns by the use of cDNA microarrays.

MATERIALS AND METHODS

Cultures of Cell Lines and Transfections. Cell lines A549 and H522
were obtained from the American Type Culture Collection (Manassas, VA).
Cells were plated in culture flasks in RPMI (Sigma Chemical, Madrid, Spain)
containing 10% (v/v) fetal bovine serum, 2 mM L-glutamine, 50 mg/ml penicillin/
streptomycin, and 2.5�g/ml fungizone. The cultures were maintained at 37°C in
a humidified atmosphere of 5% CO2/95%. Cells were cultured up to 70% con-
fluence on 6-well plates and transfected with wild-typeLKB1 and mutantLKB1-
SL8 (4) in the pCINeo vector, pCINeo vector alone, or pSV-�-Galactosidase
vector (Promega) following the manufacturer’s protocol (Transfast Transfection
Reagent; Promega, Madison, WI). After 24 h, G418 was added to the medium to
give a final concentration of 2 mg/ml. After 16–18 days, the cells were stained
with Giemsa, and the average number of colonies present in each well was
counted.

Western Blotting. Cells were scraped from the dishes into lysis buffer at
various times after transfection. Eight�g of total protein was separated by
SDS-PAGE, as described previously (19), and blotted with goat anti-LKB1
(1:500; Santa Cruz Biotechnology, Santa Cruz, CA), goat anti-actin (1:500;
Santa Cruz Biotechnology), mouse anti-hemagglutinin (1:1000; Babco, Berke-
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ley, CA), rabbit anti-PTEN (1:300; Zymed, San Francisco, CA) or mouse
anti-cyclin A (1:300; Novocastra, Newcastle, United Kingdom). The second-
ary antibody antigoat-IgG:HRP, antirabbit-IgG:HRP or anti-mouse-IgG:HRP
(Santa Cruz Biotechnology) was added to give a final dilution of 1:5000.

RT-PCR. Total RNA was collected using the Quiagen RNase. RT was
performed (Reverse Transcription System, Promega) with 1 �g of Rnasy
following the manufacturer’s protocol. The following primers were used to
amplify two different regions of the LKB1-cDNA: Primer set 1, reverse
5�-CACATCCACCAGCTGGATG-3� and forward 5�-TCCACCAGGT-
CATCTACC-3� (the bold base indicates complementarily with the wild-type
sequence, not for the mutation present in A549); Primer set 2, reverse 5�-
CTCTGAGCCGTTCATACACA-3� and forward 5�-GTTCATCCACCG-
CATCGAC-3�. cDNA was subjected to PCR, and products were analyzed by
electrophoresis on a 2% agarose gel.

Semiquantitative RT-PCR. A549 cells were transiently transfected with
full-length cDNA of LKB1. Total RNA was isolated and subjected to RT as
described above. Equal amounts of cDNA were PCR-amplified for 20–35 cycles
with specific primers at the following cycling conditions: denaturing at 94°,
annealing at 58°C, and extension at 72°C. As an internal control, we amplified
�-actin. The sequence of the primers used for RT-PCR were as follows: for
PIK3R4, forward 5�-GATGATGGAAAATGCTGAATG-3� and reverse 5�-
ACCGTCCTCCTTCTGATCTAG-3�; for STK17B, forward 5�-CAGCCTGT-
GTTTACCTGAGT-3� and reverse 5�-TCCACATATCTGTTGCTGTGG-3�; for
Vav3, forward 5�-CTGGTGAACAAGGGACACTC-3� and reverse 5-�TGCTT-
GCAATCTTTCCATTG-3�; and for GADD45A, forward 5�-GACCGAAAG-
GATGGATAAGG-3� and reverse, 5�-CCATTGATCCATGTAGCG-3�. Products
were analyzed by electrophoresis on 2% agarose gels.

Immunocytochemical Identification of LKB1/STK11 Protein. For sub-
cellular localization of LKB1 protein, we performed an immunocytochemistry
assay. The cells were fixed with acetone/methanol (1:1) for 5 min and kept

frozen at �20°C until processing. Immunofluorescence was performed as
described previously (20), following the manufacturer’s protocol. Cells were
transfected with pCI-LKB1 and stained with DAPI and anti-HA. Labeling was
revealed with anti-IgG-Alexa594 (red) for HA. Fluorescence was analyzed by
confocal microscopy, and the colocalization of both markers was electronically
evaluated. All of the preparations were mounted with Prolong antifade me-
dium. Coverslides were visualized using an MRC-1024 confocal microscope
(Bio-Rad, Hercules, CA).

Preparations of Labeled cDNA and Hybridization of Microarray.
A549 cells were plated on a 75-cm2 flask at 70% confluence and transfected
with pCINeo alone, LKB1, or LKB1-SL8 sequence. At different times (from 0
to 72 h) after transfection, the cells were washed with PBS, and total RNA was
obtained and treated with 1 unit of DNase I (Quiagen). Thirty-five �g of total
RNA were used for cDNA microarray analysis. Fluorescent-labeled cDNA
was synthesized and hybridized to the CNIO OncoChip as described previ-
ously (21). The CNIO OncoChip is a cDNA microarray that has been specially
designed for looking at genes involved in cancer and includes a core of 2489
cancer-relevant genes in addition to genes involved in drug-response, tissue-
specific genes, and control genes. There are a total of 6386 genes represented
by 7237 clones. It was prepared as described previously (21). Slides were
scanned for Cy3 and Cy5 fluorescence using Scanarray 5000 XL (GSI Lu-
monics Kanata, Ontario, Canada) and quantified using the Quantarray (GSI
Lumonics) and/or GenePix Pro 4.0 programs (Axon instruments Inc., Union
City, CA). The A549 wild-type (Cy3) versus transfected A549 (Cy5) hybrid-
izations were performed in duplicate using different target preparations.

Data Analysis. Fluorescence intensity measurements from each array ele-
ment were compared with local background and background subtraction was
performed. To normalize the data, the Cy5:Cy3 ratio was adjusted to a
normalized factor equal to the median ratio value of all spots in the array. In
addition, spots with background-subtracted signal intensities lower than 500

Fig. 1. Ectopic expression of LKB1 in A549 lung cancer
cells. A, RT-PCR shows expression of exogenous LKB1 and
mutant LKB1 (SL8) cDNAs using Primer set 1, which
amplifies only wild-type LKB1 (see “Materials and Meth-
ods” ), and Primer set 2, used as a control for cDNA amount.
c1, PCR negative control; c2, RT negative controls. B,
Western blotting analysis of LKB1 and SL8 in cells H522,
A549, and A549 transfected with the indicated vectors.
Specific band for LKB1 is shown (52-kD). C, immunoflu-
orescence micrographs captured by confocal microscopy of
wild-type LKB1 overexpressed in A549 cells. Immunoflu-
orescence was performed with anti-HA, and DAPI was used
for visualization of nuclei. Inset in the right panel, transver-
sal section of the micrographs above. D, Giemsa-stained
G418-resistant colonies of A549-transfected cells with sev-
eral expression vectors, as indicated. E, relative numbers of
G418-resistant colonies after transfection with indicated
vectors, calculated as the percentage of colonies with respect
to controls (pCINeo). SDs are from three independent rep-
licates.
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fluorescence units (sum of the two channels) were excluded from the analysis,
and bad spots or areas of the array with obvious defects were manually flagged.
The Cy5:Cy3 ratios of the duplicated spots of the array were averaged. For the
analysis, all of the expressed sequence tags and genes of unknown function
were excluded. Biological functions were assigned using the GENECARDS
database.4

RESULTS AND DISCUSSION

Reintroduction of Wild-Type but not Mutant LKB1 into A549
Cells Induces Growth Suppression. As described previously, the
A549 LAC cells have a point mutation in codon 37 (Q-Ter) generating
a truncated protein (18). Thus, we used A549 cells to examine the
effect on growth after ectopic expression of LKB1. For this purpose,
cells were transfected with a mammalian expression vector alone4 Internet address: http://bioinformatics.weizmann.ac.il/cards.

Table 1 Genes modified by LKB1 expression in A549 cellsa

Accession no. Unigene no. Description

Ratio of gene expression at different times after transfection

6 h 16 h 24 h 48 h 72 h

Genes up-regulated
AF035625 Hs.301772 Serine/threonine kinase 11 (LKB1/STK11) 3.89 7.13 7.24 4.88 �b

Adhesion molecules
AA775447 Hs.74561 �-2-macroglobulin (A2M) 3.11 4.53 4.48 3.00 �
AI016683 Hs.35094 Extracellular matrix protein 2 (ECM2) 4.64 3.43 3.14 � �
AA709271 Hs.177691 Neural cell adhesion molecule 2 (NCAM2) 3.68 3.7 3.89 � �
N75719 Hs.82085 Serine (or cysteine) proteinase inhibitor, clade E, member 1

(SERPINE1)
6.89 � 4.64 3.91 3.92

Apoptosis
N78611 Hs.200272 B-cell CLL/lymphoma 6, member B (BCL6B) 4.91 � 3.21 � �
AA291513 Hs.16269 B-cell CLL/lymphoma 7, member B (BCL7B) 3.01 3.00 3.10 � �
AA699441 Hs.19405 Caspase recruitment domain 4 (NOD1) 3.93 � 3.59 � �
g1388704 Hs.169611 Second mitochondria-derived activator of caspase (SMAC) 3.61 3.11 3.37 � �
AI301262 Hs.120996 Serine/threonine kinase 17b (STK17B) 3.58 5.07 4.56 � �
AA476272 Hs.211600 Tumor necrosis factor, �-induced protein 3 (TNFAIP3) 9.10 3.51 4.29 � �
R45433 Hs.181097 Tumor necrosis factor (ligand) superfamily, member 4

(TNFSF4)
5.30 3.67 4.26 � �

H54629 Hs.83429 Tumor necrosis factor (ligand) superfamily, member 10
(TNFSF10)

3.40 4.06 2.95 � �

Cell cycle control
AA443000 Hs.2175 Colony stimulating factor 3 receptor (CSF3R) 3.76 3.21 3.39 � �
AA147214 Hs.80409 Growth arrest and DNA-damage-inducible, � (GADD45A) 5.56 3.87 3.91 � �
AI184305 Hs.110571 Growth arrest and DNA-damage-inducible, � (GADD45B) 3.73 3.01 4.28 � �
AA996024 Hs.91400 Histone deacetylase 4 (HDAC4) 3.20 3.41 3.62 � �
W94880 Hs.172350 Histone cell cycle regulation defective, Saccharomyces

cerevisiae homolog (HIRA)
5.08 4.08 3.63 � �

AA868028 Hs.115246 MutS (Escherichia coli) homolog 4 (MSH4) � 4.81 3.46 3.01 �
Differentiation and development

AA779457 Hs.1104 Bone morphogenetic protein 5 (BMP5) � 4.53 3.54 � �
AA953456 Hs.127562 Homeo box C11 (HOXC11) � 3.15 3.05 � �
W93113 Hs.89791 Wingless-type MMTV integration site family member 2

(WNT2)
4.54 4.97 4.17 � �

W49672 Hs.152213 Wingless-type MMTV integration site family, member 5A
(WNT5A)

5.23 3.97 394 � �

AA936678 Hs.10712 Phosphatase and tensin homolog (PTEN) 4.93 4.13 3.69 � �
N50828 Hs.12940 Zinc-fingers and homeoboxes 1 (ZHX1) 3.83 3.00 4.71 � �

Hormones
AI174266 Hs.137354 Egf-like module containing, mucin-like, hormone receptor-like

sequence 2 (EMR2)
3.09 5.18 3.04 3.00 3.01

H27864 Hs.75426 Secretogranin II (SCG2) 7.08 4.35 5.87 3.40 3.40
Lung cancer

T68351 Hs.1360 Cytochrome P450, subfamily IIB polypeptide 6 (CYP2B6) 4.00 3.12 3.34 � �
AI401776 Hs.268554 Cytochrome P450, subfamily IVF, polypeptide 8 (CYP4F8) 3.31 � 3.58 � �
AI128840 Hs.153503 Hypothetical protein FLJ22529 (FLJ22529) 3.19 � 3.14 � �
AA155778 Hs.107707 Mitochondrial ribosomal protein S15 (MRPS15) 3.64 � 3.68 � �

Signal transduction and growth factors
AA136910 Hs.150402 Activin A receptor, type I (ACVR1) 4.54 � 4.88 � �
N514999 Hs.42322 A kinase (PRKA) anchor protein 2 (AKAP2) 3.30 3.04 � � �
AA427733 Hs.333257 Advillin (AVIL) 3.33 4.63 5.30 3.00 �
N31585 Hs.115263 Epiregulin (EREG) 6.07 3.01 3.48 � �
AA418008 Hs.73172 Growth factor independent 1 (GFI1) � 3.07 3.78 � �
AA233079 Hs.102122 Insulin-like growth factor binding protein 1 (IGFBP1) 3.51 � 3.72 � �
N20798 Hs.81665 v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene

homolog (KIT)
3.27 4.22 4.05 � �

AI147161 Hs.131953 v-maf musculoaponeurotic fibrosarcoma (avian) oncogene
family, protein K (MAFK)

3.10 3.00 3.21 � �

H00292 Hs.25155 Neuroepithelial cell transforming gene 1 (NET1) 3.25 � 3.38 � �
AA127673 Hs.267819 Protein phosphatase 1, regulatory subunit 2 (PPP1R2) 3.31 3.32 3.45 � �
AA682684 Hs.153932 Protein tyrosine phosphatase, nonreceptor type 3 (PTPN3) 3.20 3.56 � � �
AA476460 Hs.78867 Protein tyrosine phosphatase, receptor-type, Z polypeptide 1

(PTPRZ1)
� 4.64 4.16 3.11 3.11

AA679341 Hs.26931 Ras association (RalGDS/AF-6) domain family 1 (RASSF1) � 3.53 5.04 3.04 �
AI015986 Hs.80905 Ras association (RalGDS/AF-6) domain family 2 (RASSF2) 4.67 4.32 3.25 � �
AA278633 Hs.182591 RAS guanyl releasing protein 1 (calcium and DAG-regulated)

(RASGRP1)
3.81 3.44 4.19 � �

AA017544 Hs.75256 Regulator of G-protein signalling 1 (RGS1) 6.94 5.60 4.32 5.23 5.23
AA700934 Hs.99034 GTP-binding protein Rho7 (RHO7) 3.62 � 3.06 � �
AA933077 Hs.170009 Transforming growth factor, � (TGFA) 8.49 3.23 6.89 3.33 3.35
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(pCINeo), with pCINeo containing the wild-type full-length cDNA of
LKB1, or with pCINeo/LKB1/SL8, a mutant form of the LKB1 gene,
originally found in a PJS patient (4). We evaluated the efficiency of
gene transfer with a �-galactosidase reporter gene at different times
after transient transfection. The percentage of positive cells was
time-dependent (6% at 6 h, 23% at 16 h, 42% at 24 h, 21% at 48 h,
and 3% at 72 h), as expected.

To confirm that A549 transfected cells expressed exogenous LKB1,
we performed RT-PCR and Western blotting experiments (Fig. 1, A
and B). Exogenous wild-type and mutant LKB1 protein were detected
in A549 cells transfected with LKB1 and LKB1/SL8, respectively,
whereas no LKB1 protein expression was detectable in the parental
cells (Fig. 1B).

Subcellular localization of LKB1 protein was assessed by immu-

Table 1 Continued

Accession no. Unigene no. Description

Ratio of gene expression at different times after transfection

6 h 16 h 24 h 48 h 72

Transcription factor
H21041 Hs.460 Activating transcription factor 3 (ATF3) 3.48 � 4.30 � �
AA143678 Hs.241381 Cofactor required for Sp1 transcriptional activation, subunit 7

(CRSP7)
� � 3.08 3.56 �

T89996 Hs.283565 FOS-like antigen-1 (FOSL1) 6.07 � 4.36 3.09 3.00
AA454711 Hs.198951 Jun B proto-oncogene (JUNB) 6.05 4.83 3.06 � �
AA952897 Hs.73090 Nuclear factor of � light polypeptide gene enhancer in B-cells

2 (NFKB2)
8.42 3.05 5.53 � �

AI435898 Hs.164347 Zinc finger protein 46 (ZNF46) 3.02 � 3.51 � �
Ubiquitin pathways and chaperones

N62704 Hs.82916 Chaperonin containing TCP1, subunit 6A (CCT6A) � 4.56 4.14 � �
W01031 Hs.11050 F-box only protein 9 (FBX06) 3.02 � 3.64 � �
AA455107 Hs.301373 Ubiquitin-specific protease 19 (USP19) 3.85 3.54 3.58 � �

Inmune response
W85847 Hs.173880 Interleukin 1 receptor accessory protein (ILRAP) 4.33 3.70 4.41 � �
AA057156 Hs.75596 Interleukin 2 receptor, � (IL2RB) 3.02 3.55 3.45 � �

Miscellaneous
AA629584 Hs.77541 ADP-ribosylation factor 5 (ARF5) 3.39 � 3.07 � �
AA676259 Hs.176626 Hypothetical protein EDAG-1 (EDAG-2) 4.89 3.98 3.32 � �
R63812 Hs.28444 Mitochondrial ribosomal protein S10 (MRPS10) 3.40 � 3.48 � �
AA903758 Hs.121378 Metallothionein-like 5, testis-specific (tesmin) (MTL5) 3.51 3.82 4.09 � �
R69567 Hs.272620 Pregnancy-specific �-1-glycoprotein 9 (PSG9) 8.74 � 3.91 4.29 �
AI245607 Hs.198003 Sarcosine dehydrogenase (SARDH) 4.39 4.64 4.87 � �
R76229 Hs.84700 Serologically defined colon cancer antigen 28 (SDCCAG2) 3.55 � 3.75 � �
AI276473 Hs.23590 Solute carrier family 16 member 4 (SDC16A4) 3.21 � 4.48 � �
AA490694 Hs.75445 SPARC-like 1 (mast9, hevin) (SPARCL1) 3.87 4.61 3.26 � �
N59426 Hs.182741 TIA1 cytotoxic granule-associated RNA-binding protein-like 1

(TIAL1)
6.88 � 7.16 4.46 4.46

N49967 Hs.46624 HSPC043 protein (HSPC043) 4.82 � 3.32 � �
Genes down-regulated
Adhesion molecules

R13558 Hs.10247 Activated leucocyte cell adhesion molecule (ALCAM) � 0.21 0.249 � �
T65192 Hs.79133 Cadherin 8, type 2 (CDH8) � 0.24 0.25 � 0.25
H19315 Hs.143434 Contactin 1 (CNTN1) 0.28 0.19 0.23 0.30 �
AA215502 Hs.34851 Epsilon-tubulin (LOC51175) � � 0.30 � 0.29
T94626 Hs.75431 Fibrinogen, � polypeptide (FGG) � 0.11 0.12 0.21 �
AA043806 Hs.82084 Integrin � 3 binding protein (ITGB3BP) � 0.28 0.28 0.21
R42600 Hs.159581 Matrix metalloproteinase 17 (MMP17) � 0.22 0.29 � �
AA497002 Hs.211579 Melanoma cell adhesion molecule (MCAM) � 0.14 0.19 0.30 �
R25521 Hs.7912 Neuronal cell adhesion molecule (NRCAM) � 0.28 0.24 0.22 �
R45517 Hs.247735 Protocadherin � 10 (PCDHA10) � 0.26 0.22 � �

Cell cycle control
AA608568 Hs.85137 Cyclin A2 (CCNA2) � 0.29 0.28 � �
AA043382 Hs.118508 Cyclin-dependent kinase-like 3 (CDKL3) � 0.25 0.27 � �
H84982 Hs.211773 Checkpoint suppressor 1 (CHES1) 0.29 0.28 0.29 � �
AA504348 Hs.156346 Topoisomerase (DNA) II � (TOP2A) 0.26 0.25 0.24 0.29 �

Signal transduction and growth factors
R64144 Hs.13313 cAMP responsive element binding protein-like 2 (CREBL2) � 0.29 0.28 0.28 �
AA160670 Hs.15871 LPAP for lysophosphatidic acid phosphatase (LOC51205) � 0.30 0.30 � �
AA670144 Hs.61762 Hypoxia-inducible protein 2 (HIG2) 0.28 0.29 0.29 � �
AA455210 Hs.170040 Platelet-derived growth factor receptor-like (PDGFRL) 0.30 0.30 0.29 � �
AA630620 Hs.83050 Phosphoinositide-3-kinase, regulatory subunit 4, (PIK3R4) 0.29 0.25 0.22 � �
T60709 Hs.6780 Protein tyrosine kinase 9-like (PTK9L) 0.27 � 0.28 � �
R28407 Hs.236494 RAB10, member RAS oncogene family (RAB10) � 0.28 0.26 � �
AA495985 Hs.16530 Small inducible cytokine subfamily A (Cys-Cys), member 18,

pulmonary and activation-regulated (SCYA18)
0.30 0.27 0.28 � �

H10045 Hs.267659 Vav 3 oncogene (VAV3) � 0.28 0.16 0.22 �
Transcripcion factors

R83000 Hs.101025 Basic transcription factor 3 (BTF3) � 0.28 0.30 � �
Miscellaneous

AA598840 Hs.165263 Early development regulator 2 (EDR2) � 0.30 0.29 0.25 �
R60031 Hs.198899 Eukaryotic translation initiation factor 3, subunit 10

(EIF3S10)
� � 0.27 0.23 0.21

AI270906 Hs.23510 Kruppel-like factor 12 (KLF12) 0.3 0.25 0.30 � �
NM_021724 Hs.276916 Nuclear receptor subfamily 1, group D, member 1 (NR1D1) � 0.18 0.28 � 0.26
AA864479 Hs.78596 Proteasome (prosome, macropain) subunit, � type, 5 (PSMB5) 0.25 0.21 0.15 0.29 �
AA633549 Hs.2934 Ribonucleotide reductase M1 polypeptide (RRM1) � � 0.30 0.23 �
AA630628 Hs.84131 Threonyl-tRNA synthetase (TRAS) 0.18 0.20 0.18 0.24 �

a Fold change represents a ratio of signal intensity Cy5:Cy3.
b �, signal intensity is smaller than the cutoff value.
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nofluorescence and confocal analysis using antibodies against the
hemagglutinin antigen and DAPI for nucleus visualization. Some cells
showed the presence of LKB1 protein only in the cytoplasm, but in a
substantial proportion of cells, expression of LKB1 coexisted in the
cytoplasm and in the nucleus (Fig. 1C). These observations are in
agreement with previous data concerning overexpression of LKB1 in
other cancer cell lines (8, 10) and with the reported potential nuclear
localization signals supporting a role for LKB1 protein in the nuclear
compartment.

To investigate the effect of ectopic LKB1 expression on cell growth
we selected transfected cells using the Neomicin/G418 resistance
gene contained in the pCI/Neo expression vector. Sixteen days after
selection with G418, there was a clear reduction in the number of
colonies expressing wild-type LKB1 compared with those expressing
LKB1/SL8 or with those carrying the empty vector (Fig. 1, D and E).
No reduction in the number of colonies was observed after overex-
pression of LKB1 in the H522 lung cancer cells (data not shown),
which carries endogenous wild-type LKB1 (18). Thus, reintroduction
of wild-type, but not mutant LKB1, in LKB1-deficient lung cancer
cells clearly triggered significant cell-growth suppression and further
implies that LKB1 is a critical tumor suppressor gene in LAC devel-
opment. This is consistent with previous observations after reintro-
duction of LKB1 into the G361 melanoma and into the HeLa S3 cell
lines (8), both deficient in wild-type-LKB1 protein.

cDNA Microarray Analysis of A549 Cells Expressing Ectopic
LKB1 Reveals an Expression Profile Consistent with Growth
Suppression and Apoptosis. To investigate the differences in gene
expression after reintroduction of wild-type LKB1 in A549 cells, we
performed a profiling analysis using cDNA microarrays. Total RNA
was isolated from parental A549 cells and from cells transfected with
wild-type LKB1 at different times (0, 6, 16, 24, 48, and 72 h). RNA
was obtained also from cells transfected with the mutant LKB1/SL8
and with the empty vector (24 h after transfection). cDNA from
parental A549 cells and from transfected cells was labeled with Cy3
(green) and Cy5 (red), respectively, and hybridized to the OncoChip
v.2 microarray. Differences in gene expression patterns between pa-
rental and transfected cells were then compared. Genes were defined
as up-regulated or down-regulated if they matched the following
criteria: (a) their expression varied only in cells transfected with
wild-type LKB1 (we discarded those genes whose expression varied

also in cells transfected with empty vector or with LKB1/SL8); (b)
their expression had a ratio of signal intensity green:red �3 or �0.3
for induced and repressed genes, respectively; and (c) their expression
appeared two or more different times. By using these criteria we
detected 100 genes showing differential patterns of gene expression in
LKB1-transfected cells compared with parental cells. A total of 69
genes were up-regulated, whereas 31 showed severe down-regulation.
To determine the reliability of our results, we repeated the microarray
hybridization using RNA from an independent LKB1-transfection (at
24 h). We observed a correlation coefficient of 0.76 in patterns of
gene expression. Moreover, and as anticipated, expression profiles of
cells at 0 and 72 h after LKB1 transfection were very similar to those
of the parental cells because they either did not express exogenous
LKB1 (0 h) or the percentage of transient LKB1 expression was
already very low (3% of positive �-galactosidase cells at 72 h).

As expected, LKB1 expression increased during the course of the
experiments after transfection (Table 1), whereas LKB1 cDNA levels
remained unchanged in cells carrying the empty vector (Cy5:
Cy3 � 0.94). Genes showing changes in gene expression were clas-
sified into different functional categories (Table 1). As can be ob-
served, many of these genes show an obvious connection. The global
patterns of gene expression observed after restoring LKB1 wild-type
expression in A549 cells showed a marked deregulation of transcripts
that control cell growth, an up-regulation of transcripts that promote
apoptosis, and a decrease of molecules involved in cell motility and
adhesion. Because we selected those genes whose expression vary
only in cells transfected with wild-type LKB1 (not those transfected
with empty vector or with mutant LKB1), the effects observed are
unlikely to be a mere consequence of cellular stresses. However, it
should be noted that the use of other microarray systems containing
larger number of genes coupled with a lower stringent criteria for gene
selection may increase the list of deregulated genes in A549 cells after
ectopic expression of LKB1. We corroborated the expression changes
either by semiquantitative RT-PCR or Western blotting, in all seven
targets selected for validation (Fig. 2), indicating a very high confi-
dence for our cDNA microarrays analysis.

Fig. 3 provides a schematic representation of some relevant genes
showing altered expression in A549 cells after reintroduction of
wild-type LKB1 and their putative functional consequences. Among
the characteristic changes in gene expression, we observed an up-

Fig. 2. Confirmation of the changes in gene
expression obtained in cDNA microarray analysis.
A, semiquantitative RT-PCR analysis of mRNAs
from parental A549 and from A549-LKB1. On the
left, cycling conditions were assayed to select a
cycle number within the range of exponential am-
plification. On the right, RT-PCR was performed at
different times after transfection. Number of cycles
for each is also indicated. The integrity and amount
of each RNA template was controlled through am-
plification of actin. B, Western blot analysis of
PTEN and CCNA2 at different times after trans-
fection of LKB1 (0 to 72 h) and LKB1/SL8. H522
cells were also included. Anti-HA, anti-CCNA2,
and anti-actin antibodies were used to detect LKB1,
Cyclin A2, and expression. Actin protein was used
as control for protein amount. Membranes were
stripped and reprobed with anti-actin antibodies.
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regulation of GADD45A/B and down-regulation of TOP2A, which
strongly implies that cell cycle arrest is induced at G2-M, probably
because ectopic LKB1 triggers a p53-mediated response. This is
possible because p53 gene is wild type in A549 cells (22). Tianen et
al. (9) observed a G1 arrest after restoring LKB1 activity in G361
melanoma cells (because of the increased expression of p21) that was
also mediated by p53. We looked specifically for the p21 transcript in
our databases and found an increase in p21 expression, 6 h after LKB1
reintroduction, that clearly diminished with time (median of ratios
Cy5:Cy3 at different times after transfection: 0.95 at 0 h; 2.8 at 6 h;
1.7 at 16 h; 1.4 at 24 h; 1.3 at 48 h; and 0.85 at 72 h; and, in A549 cells
transfected with empty vector, 0.9). Other genes related with G1-S-
phase cell cycle arrest may remain undetectable under our highly
stringent selection criteria. Thus, it is likely that G1-S-phase cell cycle
arrest also takes place in A549 cells after restoring LKB1 wild-type
activity. Karuman et al. (7) demonstrated that LKB1 physically asso-
ciates with p53 and regulates specific p53-dependent apoptosis path-
ways. In agreement with this, we detected an up-regulation of SMAC/
DIABLO, NOD1 (the same family as Apaf-1; contains a caspase
recruitment domain, CARD), STK17B/DRAK, and TNF-family mem-
bers, indicating that wild-type LKB1 triggers an apoptotic response in
A549 cells. The cell cycle arrest and apoptosis responses observed
after LKB1 overexpression occurred in cells with wild-type p53 gene
(e.g., A549 and G361 cells), and it is reasonable to conclude that
wild-type p53 is needed for LKB1 biological function. However,
previous observations have shown that p53 and LKB1 gene mutations
often coexist in lung primary tumors (18), indicating that the LKB1
and p53 biochemical functions are not functionally equivalent. It is
also possible that the timing of the mutations are also critical and
when LKB1 is inactivated first, subsequent p53 mutations confer
additional advantage to the loss of LKB1 activity.

In addition, our transcriptional profiling detected an increase in
transcripts involved in RAS regulation such as RSG1, a deactivator of
the G-protein signaling pathways, and RASSF1/2, which are possibly
associated with RAS protein. Despite these observations, down-
regulation of the KRAS signal transduction pathway is unlikely be-
cause the A549 cell line harbors a KRAS point mutation (23).

Interestingly, reintroduction of wild-type LKB1 into A549 cells
triggered a clear up-regulation of the PTEN expression, which was
also confirmed at the protein level (Fig. 2B), indicating a blockage of

the PI3K signaling. PTEN increased expression was accompanied by
down-regulation of PIK3R4, an adaptor protein for the human PI3K
protein (24), and vav3 whose down-regulation attenuates phosphati-
dylinositol-3,4,5-trisphosphate (PIP3) generation (25). Fig. 3 depicts a
schematic representation of the most representative changes in gene
expression and their biological roles. These results are intriguing
because some researchers have speculated about PTEN and LKB1
proteins acting in the same biochemical pathway (5). Several obser-
vations support this hypothesis: (a) germ-line mutations at the PTEN
gene in humans lead to Cowden�s disease, a type of multiple hamar-
tomatous polyposis syndrome with high predisposition to cancer,
similar to the PJS; (b) Pten-deficient mice are embryonic lethal and
have some common features with Lkb1�/� mice; and (c) the expres-
sion patterns of the Lkb1 and Pten genes overlap significantly (26).
Among the genes differentially expressed in our cDNA microarray
system after LKB1 reintroduction, there was a remarkable down-
regulation of transcripts involved in cell adhesion and motility, in-
cluding ITGB3BP, an integrin family member. Several indications
link PTEN with cell migration, and it has been shown that PTEN
protein can reduce phosphorylation of focal adhesion kinase (FAK),
which is involved in integrin-induced migration (27). While we were
preparing this article, Bardeesy et al. (28) reported the transcriptome
of mouse embryonic fibroblast from Lkb1�/�mice showing a remark-
able increase in factors linked to extracellular matrix remodeling and
cell adhesion, which strongly supports our observations.

In contrast with our observations, it has recently been demonstrated
that PTEN or phospho-Akt expression in polyps from Lkb1�/� mice
is no different from that in the normal stomach of unaffected mice
(29). Instead, we observed up-regulation of �-Cox-2 protein, mediated
by the Ras/Raf-1/MEK/ERK signal transduction pathway. The dis-
crepancy with our observations may reflect the intrinsic genetic char-
acteristic of the A549 cell line, which has a constantly activated
RAS/RAF-1/MEK/ERK pathway as consequence of KRAS gene mu-
tation (23).

Finally, we cannot rule out the possibility that PTEN up-regulation
after LKB1 overexpression is due caused by p53 activation. A bidi-
rectional connection between p53 and PTEN has previously been
observed: p53 protein is able to induce PTEN gene expression (30),
whereas PTEN protein inhibits the PI3K/Akt signaling that promotes
translocation of MDM2 to the nucleus, thus protecting p53 from
degradation (31).

In summary, we have demonstrated the growth suppression ability
of ectopic LKB1 in lung cancer cell lines that are LKB1 deficient,
further highlighting the relevance of LKB1 in lung cancer develop-
ment. In addition, we have identified genes the products of which may
be involved in the biological function of LKB1.
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