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Abstract

Germ-line mutations in a serine/threonine kinase gene, LKB1, were
recently shown to underlie Peutz-Jeghers syndrome (PJS), a hereditary

disorder that predisposes to benign and malignant tumors of multiple
organ systems. Most mutations that have been described thus far dramat
ically change the predicted protein and are likely to be of an inactivating
nature. This observation and a previous observation that the LKB1 locus
is often deleted in PJS polyps suggest that the gene may function as a
tumor suppressor. We examined whether somatic mutations in this gene
are present in sporadic carcinomas of the colon and testis, tumors that are
characteristic of PJS. First, 20 randomly selected colorectal and 28 tes-
ticular tumors were analyzed by single-strand conformation polymor

phism analysis. No mutations in LKB1 were found in colorectal tumors.
One testicular tumor displayed a heterozygous missense type variant, in
which glycine 163 was changed to aspartic acid. This change was absent in
the DNA of normal tissue. To better focus our efforts, we tested 75
additional colon carcinomas for loss of heterozygosity at 19p, where LKB1
is localized. Of 75 samples analyzed, 50 were informative with a closely
linked marker, D19S886, and 13 (26% ) of these displayed loss of heterozy
gosity. The 13 tumors were scrutinized for I hill mutations by genomic
sequencing. This analysis revealed no changes. Together, these findings
suggest that somatic mutations ofLKBl are not frequent in colorectal and
testicular cancer.

Introduction

Germ-line mutations of the LKB1 gene cause PJS3 ( 1). This dom-

inantly inherited condition is characterized by mucocutaneous pig
mentation of the lips, buccal mucosa, and digits, as well as predispo
sition to benign hamartomas of the gastrointestinal tract, although
both features are not always present (2). Increased risk of cancer in
sites such as gastrointestinal tract, breast, testis, and ovary has been
reported (3). LKB1 encodes a protein that is highly homologous
(83.7% amino acid sequence identity) to Xenopus serine/threonine
kinase XEEK1 (4). A lower degree of homology to many other protein
kinases from different species can be observed, indicating that LKB1
functions as a serine/threonine kinase. Mutation screening in 12 PJS
patients revealed that most of the mutations result in truncated pro
teins by creating a premature stop codon or deleting part of the gene,
although missense type changes have also been detected (I).4 Polyps
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from a PJS patient have been shown to display loss of the wild-type

alÃeleof the LKB1 locus, providing further evidence that LKBt is a
tumor suppressor gene (5). LKB1 is the first kinase gene associated
with hereditary cancer that displays inactivating germ-line mutations.

LKBI is expressed in a wide range of tissues (1), suggesting that its
function is not restricted to a particular cell type. PJS patients have a
relatively unfocused predisposition to cancer of different organs, but
at least tumors of the gastrointestinal tract and testis appear to be
associated with the syndrome. Multiple genes are known to be in
volved in colorectal tumorigenesis, and there is evidence about se
quential accumulation of mutations in APC, K-ras-2, DCC, and p53
during tumor progression (6-8). Testicular germ cell tumors are
associated in most cases with the presence of an i(12p) isochromo-

some (9). The aim of this study was to test whether the LKBI gene is
somatically mutated in colorectal and testicular cancer.

Materials and Methods

Tumor Specimens and Isolation of DNA. A series of 20 colorectal
adenocarcinomas and 28 testicular tumors was randomly selected for SSCP
analysis. Fifteen of the colorectal tumors were RER-, and 5 were RER + . Of

the 28 testicular tumors. 13 were seminomas. and 14 were nonseminomas,
including carcinoma in situ, embryonal carcinomas, endoderma! sinus tumors,
mature teratomas. and immature teratomas. One sample consisted of both a
seminoma and a mature and immature teratoma component. For LOH studies.
75 additional colorectal cancers were chosen. One of these was RER+ , and the
others were RER-. Isolation of DNA was performed using standard proce

dures.
PCR-SSCP Analysis. Data on exon-intron boundaries of the LKBI gene

were derived by comparing the LKBI cDNA sequence with the contig se
quence of cosmid 30295. available at the world wide web site of the Lawrence
Livermore National Laboratory (http://www-bio.llnl.gov; Table 1). The struc
ture of exon 9 was provided by Stratton et a/.5 On the basis of this data, primers

for amplifying exons 1, 2. and 4-8 were designed. Primers for exons 3 and 9
were provided by Stratton et u/.5 Primers for SSCP analysis of the nine exons

are shown in Table 2. The reactions were carried out in a 25-^tl reaction

volume containing 100 ng of genomic DNA. I x PCR buffer (Life Technol

ogies, Inc.), 200 /UMeach dNTP (Life Technologies, Inc.), 0.6 fiM each primer,
and I unit of AmpliTaqGOLD polymerase (Life Technologies, Inc.). The
concentrations of MgCl: and DMSO in the reaction mixture for the exons were
as follows: exons la and Ib, 2 mM MgCU and 10% DMSO; exon 2, 1.5 mM
MgCU; exon 3. 1.5 mM MgCl,; exon 4. 1.5 mM MgCl2; exon 5. 1.5 mM MgCl2;
exon 6. 2 mM MgCl, and 5% DMSO; exon 7. 1.5 HIMMgCl, and 10% DMSO;
exon 8, 1.5 mM MgCl, and 10% DMSO; and exon 9, 2 mM MgCl, and 10%
DMSO. The following cycling conditions were used: exons 1, 4, and 6. 10 min
at 95Â°Cand 40 cycles of 45 s at 95Â°C,30 s at 59Â°C.and 45 s at 72Â°C;for exon
2. 10 min at 95Â°Cand 40 cycles of 45 s at 95Â°C.45 s at 58Â°C.and 45 s at 72Â°C;
for exon 3, 10 min at 95Â°C,3 cycles of 45 s at 95Â°C,45 s at 68Â°C.and 45 s
at 72Â°C.3 cycles of 45 s at 95Â°C.45 s at 63Â°C.and 45 s at 72Â°C,5 cycles of
45 s at 95Â°C,45 s at 60Â°C,and 45 s at 72Â°C,and 29 cycles of 30 s at 95Â°C,

45 s at 58Â°C.and 1 min at 72Â°C;for exon 5. 10 min at 95Â°Cand 40 cycles of

s Stratton el til., personal communication.
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Table1 I NuclftiÃitlesequence* of the e.wn-inlron hoitntlnries itf LKBI

Exon size
Exon (bp) Sequence"

290 5'-ggctggcggcgggactccaggaccctgggtccagcATGGAGGTGGTGGAC...GGCCAACGTGAAGAAgtaagtatggcttgctggggtcggggccgggccgg-3'
2 84 B'-ggtcggctgatacacccctgtcctctctgtcccagGGAAATTCAACTACT..
3 90 S'-gccgccccctgagctgtgtgtccttagcgccccacGTATATGGTGATGGA..
4 133 5'-gcctcggccccaggacgggtgtgtgctgcccgcagGTACTTCTGTCAGCT..
5 137 5'-gggcactccctgagggctgcacggcaccgccacagGCACTGCACCCGTTC..
6 128 S'-tgaccacgcctttcttccctcccctcgaaatgaagCTACAACATCACCAC..
7 58 S'-cccagctgacaggctcctcgccggcttctcctcagGGATGCTTGAGTACG..
8 178 5'-gcctgacaggcgccactgcttctgggcgtttgcagCTGGTTCCGGAAGAA..
9 194 S'-cctcagctcaggccacacttgccgtctccctcccagGACAGGTCCCAGAAG.

.AGAGAAGCAGAAAATatatcctttccggtgttgggaccgcggggcctccg-3'

.GTGCCAGGCCCACGGgtgcgtgcgcggggcaggggccagggtggggcggg-3'

.CTGGGCGTGGCCGAGgtaggcacgtgctagggggggccctggggcgcccc-3'

.GGCTGGGGTCACCCTgtaagtgccccgcccccccgggcactcaccacacg-3'

.CTGACCTGCTGAAAGgtgggagcctcatccctctgcccgcagccccaggg-3'

.GATCCGGCAGCACAGgtgagcggcccctgggggcagtggggccgaggctg-3'

.ACTTCACGGTGCCCGgtgagtctggcgggggcccctgcccggctctgctg-3'

..TGCAAGCAGCAGTGAggctggccgcctgcaggtggggcgcggcggggcccg-3'

" Lowercase letters indicate intronic or 5' and 3' untranslated sequences; uppercase letters indicate exonic sequences.

Table 2 OligoiUH'Ieotide primers used far LKBI munition anulvsis

ExonlaIb23456789Sequence
ofoligonucleolidcprimers

5'-3"1laFlaRIbFIbR2F:2R:3F:3R:4F:4R:5F:5R:6F:6R:7F:7R:8F:8R:gengen9F:9R::

GGAAGTCGGAACACAAGGAA,:
ATACCCACCGACATCAGCTC:
GAGCTGATGTCGGTGGGTAT,:
GGGAGGAGAGAAGGAAGGAAGAGGTACGCCACTTCCACAG
,CTTCAAGGAGACGGGAAGAGGTGAGCCCCGCAGGAACG

,CAGTGTGGCCTCACGGAAAGGGTGTGCCTGGACTTCTGTGA

,GTGCAGCCCTCAGGGAGTACTCCCTGAGGGCTGCAC

,ACCACCATCTGCCGTATGAGTCAACCACCTTGACTGACCA

,ACACCCCCAACCCTACATTTGGAGTGGAGTGGCCTCTGT

,CTCAACCAGCTGCCCACATGACAGGCGCCACTGCTTCTGG

,CATCCTGGCGCAGTCAGCAGA
;8F

: TCCTGAGTGTGTGGCAGGTA,8R:
GAAGCTGTCCTTGTTGCAGAGGCATCCAGGCGTTGTCC
,AGCTGTAAGTGCGTCCCCGTGGTProduct

size
(bp)143327288427324345251291268387360

" F. forward; R. reverse.

45 s at 95Â°C,45 s at 60Â°C,and 45 s at 72Â°C;for exon 7, 10 min at 95Â°Cand
40 cycles of 45 s at 95Â°C.45 s at 56Â°C,and 30 s at 72Â°C;for exon 8, 10 min
at 95Â°Cand 40 cycles of 45 s at 95Â°C,45 s at 58Â°C.and 45 s at 72Â°C;and for
exon 9. 10 min at 95Â°C.5 cycles of 45 s at 95Â°C,45 s at 68Â°C,and 45 s at 72Â°C,

5 cycles of 45 s at 95Â°C,45 s at 62Â°C,and 45 s at 72Â°C,5 cycles of 45 s at
95Â°C.45 s at 57Â°C.and 45 s at 72Â°C.and 25 cycles of 30 s at 95Â°C,45 s at
55Â°C,45 s at 72Â°C.A final extension of IO min at 72Â°Cwas used for all exons.

After PCR, 5 /j.1of each sample were mixed with 5 ;ul of denaturing loading
buffer (95% formamide. 20 mM EDTA, 0.05% bromphenol blue, and 0.05%
xylene cyanole). denatured for 5 min at 94Â°C.and loaded into a 0.4 mm X 30

cm x 45 cm gel. Electrophoresis was performed using gels containing 0.4X
mutation detection enhancement solution (AT Biochem. Malvern. PA) and
0.6X TBE buffer and were run at 6 W overnight. For the segment la. 0.6X
mutation detection enhancement solution was used, and electrophoresis was

conducted at 4 W overnight. The gels were stained with silver according to
standard procedure.

Sequencing. LKBI fragments showing aberrant bands in the SSCP analysis
were amplified in a 50-^tl reaction volume in the conditions described above.

Five n\ of PCR products were run in 3% agarose (NuSieve) gel to verify the
specificity of the PCR. The rest of the reaction product was purified using
QIAquick PCR purification kit (Qiagen). Direct sequencing of PCR products
was performed using the ABI Prism dye terminator cycle sequencing ready
reaction kit (Perkin-Elmer Corp.). Cycle sequencing products were electro-

phoresed on 6% Long Ranger gels (FMC Byproducts. Rockland. ME) and
analyzed on an Applied Biosystems model 373A automated DNA sequencer
(Perkin-Elmer Corp.).

LOH Analysis. The microsatellite marker DI9S886. which is located te-
lomeric to LKBI. was used for the LOH study. PCRs were carried out in a
volume of 10 fil containing 50 ng of DNA; 1x PCR buffer (Life Technologies.

Inc.): 1.5 mM MgCU (Life Technologies. Inc.): 200 Â¿IMeach dATP. dGTP. and
dTTP (Life Technologies. Inc.) and 20 JU.Mof dCTP; 0.7 Â¿iCi|a-'-P]dCTP

(3(XX)Ci/mmoI. Amersham). 0.5 UM each primer, and 0.25 units of AmpliTaq

polymerase (Life Technologies. Inc.). PCR conditions were as follows: 4 min
at 94Â°C.27 cycles of 30 s at 94Â°C.1 min 15 s at 55Â°C.and 15s at 72Â°C,and
a final extension of 6 min at 72Â°C.Ten /Â¿Iof denaturing loading buffer (95%

formamide. 20 mM EDTA. 0.05% bromphenol blue, and 0.05% xylene cyan
ole) were added to 10 /xl of each PCR sample and denatured for 5 min at 80Â°C.

Five iÂ¿\of mixture was loaded in 6% polyacrylamide gels containing 8.3 M
urea and run for l h 30 min at 2.5 kV. The gels were dried for l h at 80Â°Cand

autoradiographed overnight at room temperature.
Mutation Analysis of LOH-positive Samples. Mutation analysis of the

colorectal cancers showing LOH with DI9S886 was carried out by direct
genomic sequencing of each exon. Primers for the exons were the same as for

1 2 3
a b a b a b

Fig. 1. SSCP analysis of the samples showing aberrant bands in exon 4 together with
the normal tissue pattern. Lane la, a teslicular tumor with a G488A change; Lime Ih.
matched blood DNA; Ltine 2a, a RERâ€” colorectal carcinoma with no changes in the
sequence of exon 4; Ltmc 2h. matched normal tissue DNA; Lune .?Â«.an RER+ colorectal
carcinoma with G deletion in intron 4; Lane 3h. matched normal tissue DNA.

a T iexon4
CCCTAAC CACTTOCCT AqcNCQOCC
I Â»0 . ] 50

b Iexon 4
CCCTAOCACOTOCCTAdJcTCOOCC

I Â»0

Fig. 2. a, deletion of one C (reverse sequence) in intron 4 in a RER+ adenocarcinoma
sample, b, the same position in matched normal tissue sample.

Ia T b
ATTO Â»CQOCCTOO AO AT T O ACO OCC T O a AO

'Â« IK.. IM

Fig. 3. a. a G488A change in a testicular tumor sample, h. the same position in the
matched normal tissue DNA.
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Table 3 Introni? polymorphisms in LKBÃ•"

Inlron1

2
2
37Position+36+

24
-49
-51

+ 7PolymorphismG/T

OfT
G/A
T/C
G/CAllelic

counts21/5

23/117/9

19/7
21/5

"Allelic counts are based on the sequencing results of 13 LOH-positive colorectal

carcinomas.

SSCP analysis, except for exon 1, which was amplified with the primers lap
(forward) and IbR (reverse), and exon 8, which was amplified with primers
gen 8F (forward) and gen 8R (reverse; Table 2). Exon 1 was amplified in a
50-ju.l reaction volume containing 100 ng of genomic DNA, IX PCR buffer

(Life Technologies, Inc.), 1.5 min MgCU, 200 ^M each dNTP (Life Technol
ogies, Inc.). 0.6 UM each primer, 5% DMSO, and 1 unit of AmpliTaqGOLD
polymerase (Life Technologies, Inc.). Exon 8 was amplified using identical
conditions, except that DMSO was not used. Cycling conditions used were:
exon 1, 10 min at 95Â°Cand 40 cycles of 45 s at 95Â°C.30 s at 59Â°C,and 45 s

at 72Â°C;and exon 8, 10 min at 95Â°Cand 40 cycles of 45 s at 95Â°C,30 s at
56Â°C,and 45 s at 72Â°C.Both cycles had a final extension for 10 min at 72Â°C.

Preparation of the samples and sequencing was carried out as described above.

Results and Discussion

To determine whether LKB] is mutated in sporadic colorectal and
testicular tumors, we screened 20 colorectal and 28 testicular tumors
by SSCP analysis and an additional 13 colorectal adenocarcinomas
displaying LOH in 19p by genomic sequencing. The genomic struc
ture of LKB1 was reconstructed using a comparison between the
cDNA sequence of LKBÃŒand the genomic sequence of the cosmid
30295, where the gene resides. The eight exons were predicted in the
contig sequence of cosmid 30295. The structure of exon 9 was
provided by Stratton et al.5 The primers were designed using the

Primer3 program (available at http://www-genome.wi.mit.edu/) to
amplify all exons, as well as exon-intron boundaries. SSCP analysis

was used as an initial screening method. For this purpose, exon 1 was
split into two fragments suitable for SSCP analysis (fragment la, 140
bp; fragment Ib, 330 bp). Only two colorectal samples and one
testicular sample showed aberrant bands, and all three were in exon 4
of the LKBI gene. SSCP analysis of exon 4 of these tumors and the
respective normal tissue samples revealed that the changes were
present in tumor tissue only (Fig. 1). Sequencing analysis detected a
deletion of one G in intron 4 in a RER+ colorectal tumor (Fig. 2). A
G-to-A substitution was found in position 488 in the coding sequence,

causing a change of glycine 163 to aspartic acid in a testicular cancer
DNA sample, a tumor with seminoma and mature and immature
teratoma components (Fig. 3). The last change in exon 4 in a RER â€”¿�

colorectal cancer sample was not detectable in sequencing, indicating
that it probably is an artifact of SSCP analysis or does not affect
coding sequence or splice donor/acceptor sites.

To further clarify whether the somatic mutations in LKBI contrib
ute to colorectal tumorigenesis, we tested 75 colorectal carcinomas for
LOH. The marker D19S886 used for the allelotyping resides -200 kb

telomeric to LKBI. Of 75 samples tested, 50 were informative, and of
these, 13 (26%) displayed LOH. Mutation analysis by direct genomic
sequencing was performed in these 13 cases to test whether LKBI was
inactivated by a "two-hit" mechanism characteristic of tumor suppres

sor genes (10). No changes in coding LKBI region and splice donor/
acceptor sites were detected. The effort revealed five intronic poly
morphisms: G/T in the +36 position of intron 1; G/T in the +24
position of intron 2; G/A in the -49 position of intron 2; T/C in the
â€”¿�51position of intron 3; and G/C in the +7 position of intron 7

(Table 3).
Only two samples displayed somatic LKBI changes. Deletion of

one G in intron 4 is characteristic of the RER+ phenotype because
this change appeared in a stretch of seven Gs. Whether this change in
the intronic nucleotide sequence affects correct LKBI splicing has yet
to be determined, but this appears unlikely. The change detected in a
testicular tumor, Glyl63Asp. occurred in a position in the LKBI
kinase domain that is conserved in the human. Xeniipus ( 1), and
mouse genes,4 thus indicating that the change might have functional

significance.
Examples such as the lack of somatic mutations in the ATM gene in

sporadic breast cancers ( 11) and infrequent inactivation of BRCA1 and
BRCA2 genes in primary breast and ovarian carcinomas (12, 13) show
that hereditary cancer genes do not always play a major role in
sporadic tumorigenesis. The PTEN gene, which, when mutated in the
germ line, causes Cowden's disease (14), is an example of a cancer

susceptibility gene that appears to play a role in a subset of sporadic-

cancers. Investigation of somatic mutations in PTEN in colorectal.
gastric, and pancreatic carcinomas has not revealed a role of this gene
in sporadic tumorigenesis in these organs. However, PTEN mutations
are frequently found in gliomas and RER+ endometrial carcinomas
(14-16).

An alternative mechanism for the inactivation of a tumor suppres
sor gene alÃeleis methylation. The lack of expression of liMLHI in
some sporadic colon tumors and colon and endometrial tumor cell
lines correlating with methylation of the liMLHI promoter region
suggests that DNA methylation might be a mechanism of mismatch
repair gene inactivation in sporadic tumors (17). It has also been
shown that hypermethylation of the 5' CpG island may participate in

transcriptional inactivation of/?/6 in nasopharyngeal carcinomas (18).
Our study does not exclude the possibility that somatic LKBI inacti
vation occurs through methylation.

Our results do not completely exclude the possibility of LKBI gene
being inactivated through somatic mutations in a small portion of the
samples analyzed because the mutation screening approach used does
not allow the detection of some mutation types, such as large genomic
deletions. Considering the sensitivity of SSCP analysis, some muta
tions could have been missed. However, our results suggest that
somatic mutational inactivation of LKBI is not a frequent phenome
non in sporadic colorectal and testicular tumorigenesis. The role of
LKBI mutations in other sporadic tumor types should be examined.
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