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Abstract

The tumour suppressor gene, LKBI/STKI1, has been mapped to chromosome 19p13, a region showing frequent allelic loss in
various human cancers, including hepatocellular carcinoma (HCC). Additionally, LKBI physically associates with p53 and reg-
ulates p53-dependent apoptotic pathways. To investigate whether genetic alterations of LKBI could be involved in the tumorigen-
esis of HCC, we analysed the genetic alterations of the LKBI and p53 genes in seven dysplastic nodules and 80 HCCs. We found
one LKBI missense mutation, CCG—CTG (Pro— Leu) at codon 281 within the kinase domain. We also found allelic loss in six of
27 (22%) informative HCC cases and all of them were HBV-positive cases. In addition, we detected seven missense, one nonsense
and one silent mutations (nine of 80, 11%) of p53 in HCCs only. These results suggest that genetic alterations of the LKBI or p53
genes may play an important role in tumour development or progression of a sub-set of HCCs, and may also provide alternative
mechanisms to protect the HCC cell from p53-dependent apoptosis.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Primary hepatocellular carcinoma (HCC) is one of
the most common causes of death from cancer in many
countries of the world, especially in Asia and Africa. In
Korea, it accounts for an estimated 12.2% of all malig-
nancies, 16.4% in the male population and 6.5% in the
female [1]. It is well known that infection with the
hepatitis B or C virus (HBV or HCV) and ingestion of
aflatoxin Bl-contaminated food are important risk fac-
tors for HCC. In addition, cirrhosis resulting from
heavy alcohol intake represents a major risk factor in
some Western world countries. Generally, most HCCs
are associated with a background of chronic liver dis-
ease, such as cirrhosis and chronic active hepatitis, sug-
gesting a multistep process in the development of HCC
[2]. However, the genetic events involved in the
carcinogenesis of HCC are still unclear.
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The molecular genetic approach has shown that
sequential accumulations of genetic alterations such as
loss or gain in the genome play a central role in the
development of cancer, including the activation of
oncogenes and the inactivation of tumour suppressor
genes [3]. Somatic inactivation of a tumour suppressor
gene is usually caused by an intragenic mutation in one
allele of the gene with subsequent loss of a chromoso-
mal region that spans the second allele. Frequent chro-
mosomal losses in carcinomas arising from certain
epithelial cells have implied that putative tumour sup-
pressor gene(s) reside(s) on the affected chromosomal
arm.

Although several chromosomal aberrations have been
implicated, the significance of these changes, and the
specific genes that are involved, are poorly understood.
A growing body of evidence suggests that chromosome
19p, where the LKBI gene resides, is one of the common
deletion regions and contains one or more of the genes
associated with the development or progression of car-
cinomas in a large spectrum of tumour types, including
HCC [4-6].
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Peutz—Jegher syndrome (PJS) is an autosomal domi-
nant disorder characterised by mucocutaneous melanin
pigmentation and intestinal hamartomatous polyposis,
as well as an increased risk of cancer, including colon,
stomach, breast and liver cancers [7]. The LKBI gene,
also termed STKI1, encoding a novel serine/threonine
kinase and residing on chromosome 19p13.3 at a dis-
tance of 190 kb proximal to D19S886, was identified.
Numerous germ-line mutations were detected in indivi-
duals affected by PJS [§8-10]. Although the functional
role of LKBI1 has not been thoroughly studied, several
lines of evidence suggest it may play a role in the cell
cycle and apoptotic pathways [11,12]. Recently, hetero-
zygous LKBI (+ /—) mice have been shown to develop,
not only gastrointestinal polyps, but also HCCs [13].
These data strongly suggest that inactivation of the
LKBI gene may be one of the important novel
mechanisms for HCC development.

p53 is the most commonly mutated gene in a variety
of human cancers, including HCC [14,15]. The p53
protein has been implicated in diverse cellular processes
such as cell-cycle arrest and p53-dependent apoptosis,
senescence, differentiation and angiogenesis [16].
Recently, it has been reported that the N-terminal
kinase domain of LKB1 is required for its interaction
with p53 and the loss of LKBI1 function in PJS leads to
a deficiency in intestinal epithelial cell apoptosis [17].
These facts indicate that LKB1 may be one of the signal
transduction molecules regulating p53-dependent apop-
tosis. Therefore, it is reasonable to propose that inacti-
vation of p53 and/or LKBI1 through primary structural
changes, such as mutation, could be involved in the
development of various human cancers or their pro-
gression, with LKB1 not only acting as a tumour sup-
pressor but also allowing cells to become more resistant
to p53-dependent apoptosis.

To determine whether genetic alterations of the LKBI
gene could be involved in HCC development, we searched
for mutations and allelic losses of the LKB/ gene in a
series of seven dysplastic nodules and 80 Korean HCCs.
In addition, we performed a mutational analysis of the
p33 gene to explore the relationship between the p53 and
LKBI genetic status of cells in HCC development.

2. Materials and methods
2.1. Tissue samples

A total of 80 frozen HCC specimens were obtained
from the Medical College, Sungkyunkwan University in
Seoul, Korea. Seven dysplastic nodules from these
patients were also used in this study. Informed consent
was obtained from every patient. No patient had a
family history. Their age ranged from 31 to 89 years,
with an average age of 60 years. The male to female

ratio was 66 to 14. One 6- um section stained with hae-
matoxylin and eosin was independently reviewed by
three pathologists. The background liver showed cir-
rhosis in 62 (78%), chronic active hepatitis in 3 (13%),
chronic persistent hepatitis in three (4%), fatty changes
in 1 (1%), and non-specific changes in 4 (5%) cases,
respectively.

2.2. DNA extraction

Frozen tissue samples were ground to a very fine
powder in liquid nitrogen, suspended in lysis buffer, and
treated with proteinase K. DNA was extracted using
phenol/chloroform/isoamyl and an alcohol extraction.

2.3. SSCP and DNA sequencing

Genomic DNAs from cancer cells and corresponding
non-cancerous livers were amplified with 12 sets of pri-
mers covering the entire coding region (exons 2-10) of
the LKBI gene. These primers are described in Table 1.
Numbering of the LKBI DNA was done using an ATG
start codon according to the genomic sequence of Gen-
bank accession No. NM000455. We also analysed the
p53 gene using five primer pairs covering the DNA
binding domain of the p53 gene [18]. Each polymerase
chain reaction (PCR) was performed under standard
conditions in a 10 pl reaction mixture containing 20 ng
of template DNA, 0.5 pM of each primer, 0.2 uM of
each deoxynucleotide triphosphate (dNTP), 1.5 mM
MgCl,, 0.4 unit of Taq polymerase, 0.5 pCi of

Table 1

Primer sequence for amplifying the coding region of the LKBI gene
Name of Nucleotide sequences Product
primer size (bp)

Exon 2-1 F 5-GAACACAAGGAAGGACCGCTCACC-3* 259
Exon 2-1 R 5-CACCTTGCCGTAAGAGCCTTCCC-3¥

Exon 2-2 F 5-CCAAGCTCATCGGCAAGTACCTGA-3' 249
Exon 2-2 R 5-GGGAGGGAGGAGAGAAGGAAGGAA-3

Exon3 F 5-ACGTTGGGTCGGCTGATACAC-3' 224
Exon 3 R 5'-TTCAAGGAGACGGGAAGAGGAG-3'

Exon 4 F 5'-GTGCTCCCTGGGCCTGTGAGTG-3 217
Exon 4 R 5'-CGGAAAGGAGCCTGCCCTGC-3'

Exon 5 F 5'-AGGCCTCGGCCCCAGGAC-3' 234
Exon 5 R 5'-CCGTGCAGCCCTCAGGGAGT-3'

Exon 6 F 5'-ACTCCCTGAGGGCTGCACGG-3 215
Exon 6 R 5'-CCTCGGAGTGTGCGTGTGGTG-3

Exon 7 F 5'-TTCTTCCCTCCCCTCGAAATGA-3 230
Exon 7R 5'-CCTGACACCCCCAACCCTACAT-3

Exon 8 F 5'-GGTATCACCCAGGGCCTGACAACA-3 231
Exon 8§ R 5'-CGCTCAACCAGCTGCCCACAT-3

Exon 9 F 5'-ACAGGCGCCACTGCTTCTGGG-3 257
Exon 9 R 5'-GAGTCAGCAGAGCCGGGCAGG-3¥

Exon 10-1 F 5-CTGTAAGTGCGTCCCCGTGGTG-3' 205
Exon 10-1 R 5-CGCCCTGGATTTGGTGCTCAG-3’

Exon 10-2 F 5-TCCCCAAGGCCGTGTGTATGAA-3 218

Exon 10-2 R 5-CTGTGGCATCCAGGCGTTGTC-3'

R, reverse; F, forward; bp, base pairs.
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[*?P]deoxycytidine triphosphate (dCTP) (Amersham,
Buckinghamshire, UK), and 1 pl of 10x buffer. The
reaction mixture was denatured for 12 min at 94 °C and
incubated for 32 cycles (denaturing for 40 s at 94 °C,
annealing for 40 s at 59—63 °C, and extending for 40 s at
72 °C). The final extension step was continued for 5 min
at 72 °C. After amplification, PCR products were
denatured for 5 min at 95 °C in a 1:1 dilution of sample
buffer containing 98% formamide/5 mmol/l NaOH and
were loaded onto a single-strand conformation poly-
morphism (SSCP) gel (FMC Mutation Detection
Enhancement system; Intermountain Scientific, Kays-
ville, UT, USA) in 10% glycerol. After electrophoresis,
the gels were transferred to 3-mm Whatman paper and
dried, and autoradiography was performed with Kodak
X-OMAT film (Eastman Kodak, Rochester, NY,
USA). To detect the mutations, DNAs showing mobi-
lity shifts were cut out from the dried gel, and ream-
plified for 30 cycles using the same primer set.
Sequencing of the PCR products was carried out using a
cyclic sequencing kit (Perkin-Elmer, Foster City, CA,
USA) according to the manufacturer’s recommenda-
tion.

2.4. Loss of heterozygosity (LOH) analysis

HCC and the corresponding non-cancerous DNAs
were amplified using the thermal cycler (MJ Reseach
Institute, Watertown, MA, USA) with the microsatellite
marker D19S886. Each PCR reaction was performed
under standard conditions in a 10-ul reaction mixture
containing 20 ng of template DNA, 0.5 uM of each
primer, 0.2 uM of each deoxynucleotide triphosphate,
1.5 mM MgCl,, 0.4 unit of Taq polymerase, 0.5 pCi of

Table 2

[*?P]dCTP (Amersham, Buckinghamshire, UK), and 1
pl of 10x buffer. PCR products were then denatured
and electrophoresed in a 6% polyacrylamide gel con-
taining 7 M urea. After electrophoresis, the gels were
transferred to 3 MM Whatman paper, dried, and sub-
jected to autoradiography using Kodak-OMAT film
(Eastman Kodak, Rochester, NY, USA). Complete
absence of one allele in the tumour DNA sample of
informative cases, as defined by direct visualisation, was
considered as loss of heterozygosity (LOH).

3. Results
3.1. Mutations of the LKB1 and p53 genes in HCCs

We searched for potential mutations in all nine exons
of the LKBI gene in seven dysplastic nodules and 80
HCCs by PCR-SSCP and sequencing analysis. Direct
sequencing of aberrantly migrating bands on the SSCP
gel led to the identification of a mutation in one (1%) of
the HCCs examined. The mutation was a missense
mutation, CCG—CTG (Pro—Leu) at codon 281
(Fig. la) in exon 7 that encodes the LKBI kinase
domain (codons 50-337). No mutation was found in the
seven dysplastic nodules. We repeated the experiment
three times, including PCR-SSCP and sequencing to
ensure the specificity of the results, and the data were
consistent. None of the corresponding normal samples
showed evidence of mutation by repeated SSCP, indi-
cating that the mutation was a somatic mutation.

For the p53 gene, we found seven missense, one non-
sense and one silent mutation in the HCC samples
alone, one at exon 4, two at exon 5, three at exon 6, and

Genetic alterations of LKBI and p53 genes in hepatocellular carcinoma (HCC)

Case no. Age in years/gender Hepatitis virus Grade Background LKBI p53 mutation
Mutation LOH

1 37/ M B 2 Cirrhosis NI CGA—>CGG(A196A)

18 42/M B 3 Cirrhosis NI CGC—CCC(A283P)

23 62/M C 3 CPH — CIG—-CGG(L111A)

24 58/M None 3 Fatty change NI CIT—CGT(L194A)

25 60/M B 3 Cirrhosis NI CGC—CTC(A175L)

27 36/F None 1 Non-specific CCG—CTG(P281L) NI

40 50/M B 2 Cirrhosis +

45 45/M B 3 Cirrhosis NI CGC—CAC(A158H)

64 55/M B 2 Cirrhosis NI AGA—TGA(A280stop)

66 S1/F B 2 Cirrhosis +

68 43/M B 3 Cirrhosis +

72 SI/M B 2 Cirrhosis +

73 57/M B 3 Cirrhosis +

74 37/M B 3 Cirrhosis NI CGT—TGT(A273C)

78 31/M B 2 CAH + CAT—CGT(H214A)

CPH, chronic persistent hepatitis; CAH, chronic active hepatitis; NI, non-informative; —, retention of heterozygosity; +, loss of heterozygosity

(LOH); M, male; F, female.
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three at exon 8, respectively (Fig. 1c and d, Table 2).
Clinically, all of the patients with p53 mutations were
male and 6 of them showed HBV infection and a cir-
rhotic background. One of them demonstrated chronic
active hepatitis with HBV infection and 1 had chronic
persistent hepatitis with HCV infection. The other
patient revealed fatty changes and no evidence of HBV
or HCV infections. The cases with LKB/ genetic
alterations did not have p53 mutations except for case
78 (Table 2).

3.2. Allelic status

To clarify whether LOH in the LKBI gene is also
associated with the development of human HCCs, we
conducted a LOH analysis in this cohort of HCC
patients using the microsatellite marker D19S886, which
locates at a distance 190 kb distal to the LKBI gene.
Patients who were heterozygous for the microsatellite
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marker were considered informative. 2 (29%) of 7 cases
of dysplastic nodules and 27 (34%) cases of 80 HCCs
were informative at this marker. We observed no LOH in
the two informative dysplastic nodules. In HCCs, 6 of
the 27 (22%) informative cases showed allelic loss at
19S886 (Table 2). Interestingly, all of them were HBV-
positive. Statistically, there was no significant difference
in the LOH frequency according to the histological grade
and stage. Four of them showed Edmonson grade 2 and
the rest had grade 3 (Table 2). An autoradiogram show-
ing LOH is displayed in Fig. 1b. Although the HCC case
with a LKBI mutation was non-informative at this mar-
ker, the SSCP gel showed both bands of the wild-type
allele and aberrant bands of the mutant allele (Fig. 1a),
indicating a hemizygous mutation in one allele and
retention of the remaining allele. Interestingly, the
patient with HBV infection and chronic active hepatitis
(case 78) showed LOH at the LKBI locus and p53
mutation (Table 2).
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Fig. 1. Representative results showing single-strand conformation polymorphism (SSCP)-sequencing and loss of heterozygosity (LOH) analysis of
the LKBI gene (a and b): (a) SSCP demonstrating aberrant bands (arrows) and sequencing data showing missense mutation, C to T transition at
codon P281L of the LKBI gene in case 27, (b) LOH (arrow) at microsatellite marker D19S886, (¢ and d) SSCP and sequencing analysis of p53; a A
to T transversion at codon 280 in case 64 and a C to T transition at codon 273 in case 74. Homo, homozygosity; Hetero, heterozygosity; LOH, loss

of heterozygosity; N, normal DNA; T, tumour DNA.
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4. Discussion

PJS patients have a dramatically increased incidence
of cancer in a wide variety of tissues, including the
colon, breast, stomach, uterine cervix, lung, and liver
[7]. Since Hemminki and colleagues identified the LKBI
gene, germline mutations in the LKB/ gene have been
reported to account for 50-70% of PJS patients
[10,19,20]. These results indicate that the LKBI acts as a
tumour suppressor gene and that the development of
hamartomas and various types of cancers in PJS
patients may be the result of inactivation of the LKBI
gene. Recently, Nakau and colleagues have reported
that all LKBI1 (+/—) mice had nodular foci in the liver
after 61 weeks and that nine of 12 nodules in male mice
showed HCC tumours with marked vascularisation [13].
In addition, a growing body of evidence suggests that
inactivation of LKB1 may be responsible for the devel-
opment of HCC and that genetic alteration of LKBI
gene may be also associated with the development of
sporadic forms of HCC.

In the present study, we found one missense mutation
of the LKBI gene in the 80 HCCs examined. The
mutation revealed a C—T transition type mutation at
codon 281 in exon 7, which lies within the mutational
hot spot corresponding to codons 279-281, and this
nucleotide transition would change an amino acid from
proline to a leucine (Fig. 1a and Table 2). Interestingly,
the patient was a HBV- and HCV-negative female and
the background liver showed non-specific changes, sug-
gesting that there may be an additional mechanism in
the carcinogenesis process. Thus, it is likely that somatic
mutation of the LKBI gene may occur as an early event
and be involved in the acceleration of carcinogenesis in
HCC. Of particular note, an identical mutation has
been detected in ovarian cancer [21]. Furthermore, our
results may underestimate the prevalence of LKBI
somatic mutations in HCC, as the sensitivity rate of the
SSCP analysis for the detection of single base substitu-
tion is estimated to be 80% [22]. However, most reports
have found little evidence of somatic mutational inacti-
vation of LKBI [23-26].

Deletions of chromosome 19p have been reported in
many types of human malignancy, including HCC,
which raises the possibility of the presence of tumour
suppressor gene in this region [4-6]. In this study, we
found LOH in 6 (22%) of 27 informative cases of
HCCs, and all of the cases were HBV-positive (Table 2).
Interestingly, a similar low frequency of LOH was also
observed in sporadic colon, testicular, ovary and breast
tumours [21,23,27]. However, Nakau and colleagues
have reported that LKB (+/—) mice develop small
nodular foci of HCC with continuous proliferation [13].
Several reasons may account for this discrepancy. First,
we cannot completely rule out the possibility of an epi-
genetic inactivation of the LKBI gene through DNA

methylation in the development of human HCCs, like
colorectal and breast carcinomas [28]. Infection with
HBV or HCV, ingestion of aflatoxin Bl-contaminated
food, and heavy alcohol intake are to be important risk
factors for human HCC. The influence of a suscept-
ibility gene on the human HCC risk may depend on
environmental and lifestyle factors. Another explana-
tion is the possibility that inactivation of another can-
didate tumour suppressor gene(s) on chromosome 19p
might be associated with the development of human
HCC.

Despite the fact that epidemiological evidence indi-
cates that HBV is a major risk factor for the develop-
ment of HCC [29], the exact mechanism of this
association has not been elucidated. The site of cellular
DNA at which HBV integrates frequently undergoes
rearrangement [30], resulting in translocation [31], and
deletion [31,32]. Interestingly, all cases with LOH
detected in this study were HBV-positive. It is reason-
able that the process of carcinogenesis itself may result
from the inappropriate survival of DNA-damaged cells
that should otherwise have been removed by apoptosis.
The p53 protein is a key protein to integrate signals
emanating from a wide range of cellular stresses and
allows the cell to respond to these insults by activating a
set of genes whose products facilitate adaptive and pro-
tective activities, which include apoptosis and cell-cycle
arrest [33]. Furthermore, the kinase domain of LKBI is
required for its interaction with p53 and loss of LKBI
function in PJS leads to a deficiency in intestinal epi-
thelial cell apoptosis [17]. Hence, mutations in LKBI
may remove the selection pressure on p53 and allow
cancer to develop by evading the apoptotic checkpoint
regulated by p53 in a variety of cell types. In this study,
we found nine somatic mutations of the p53 gene in
HCC cases only. These results suggest that inactivation
of LKBI or p53 caused by alterations of the primary
structure by mutation or deletion may be one of the
possible mechanisms preventing p53-dependent apop-
tosis.

In conclusion, we detected somatic mutations of the
LKBI and p53 genes in HCC. We suspect that muta-
tions of the LKBI or p53 genes may provide the HCC
cell with protection from p53-dependent apoptosis and
also may play a role in tumour progression in a sub-set
of HCCs. Additional studies are needed to verify these
initial observations and the functional analysis of
mutations identified in this study will certainly broaden
our understanding of the pathogenesis of human HCC.
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