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Abstract

The FHIT gene is a putative tumour suppressor gene. In this study, we analysed a set of 50 gastric tumours for alterations of

FHIT, and found 38 of 45 tumours (84%) exhibiting loss of heterozygosity (LOH) within the FHIT gene. We used both nested
Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) and single step RT-PCR to analyse the FHIT transcripts and found
34 of 39 (87%) tumours and seven of the 11 (64%) corresponding non-cancerous tissues showed low or aberrant expression of

FHIT mRNA and the appearance of the aberrant FHIT transcripts depended on the conditions of the RT-PCR. In these aberrant
transcripts, frequent deletions and/or insertions were detected by direct sequencing. All breakpoints for deletions and insertions
were at splicing sites. All insertions came from the adjacent introns, whose appearance was completely in accordance with the ‘GU-
AG’ rule for pre-mRNA splicing. It may be suggested that an alternative splicing mechanism functions in the formation of these

aberrant transcripts. The fragile nature of FRA3B within the FHIT gene could be responsible for the formation of the aberrant
mRNA. Negative or reduced Fhit expression was detected in 39 of 50 tumours (78%). Moreover, an association was found between
abnormal Fhit expression and positive node status (P=0.012). Thirteen of 48 tumours (27%) displayed microsatellite instability

(MSI), among which 10 tumours also showed MSI within the FHIT gene. Furthermore, we detected an association between MSI
and negative node status (P=0.02). We conclude that the abnormalities of FHIT, presumably associated with the unstable nature
of FRA3B within the FHIT gene, are involved in the carcinogenesis of gastric cancer, and lack of mismatch repair (MMR) could

possibly promote its alteration in a subset of gastric tumours. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The FHIT gene is located at the FRA3B site of chro-
mosome 3p14.2, and is so far the only example of a
relatively well studied gene located in a consititutive
fragile region [1]. The FHIT gene is composed of 10
exons which span a 1.8 Mb genome region, of which
only exons 5 through to 9 are protein coding. It encodes
a small mRNA of 1.1 kb, and a small protein of 16.8
kDa [2]. Fhit is a homodimer as shown conclusively by
crystallographic analysis [3,4]. The Fhit protein is
mainly localised in the cytoplasm and has been found in

complex with tubulin and ubiquitin conjugating enzyme
[5,6]. Fhit protein expression is detected in epithelial
cells in most human and mouse tissues [1,7]. In higher
eukaryotes, Fhit may reduce the intracellular level of
diadenosine triphosphate, by binding to it and inducing
its hydrolysis [8]. A role of diadenosine triphosphate in
the growth control of cells has been suggested [8,9].

Cancer-specific translocations have been mapped
within the FHIT gene in renal cell carcinoma and a
papilloma virus insertion site in cervical carcinoma [10–
12]. The breakpoint at 3p14.2 involved in the t(3;8)
chromosome translocation of hereditary renal cell car-
cinoma, interrupts the third intron of the FHIT gene,
inactivating one of the two FHIT alleles [1]. Frequent
allelic losses at this region in various malignancies,
including gastric cancer, imply that FHIT may represent
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a tumour suppressor gene [2,13]. LOH at the FHIT
locus is detected with the highest frequency in familial
breast carcinomas lacking functional BRCA2, pre-
sumably due to a lack of DNA repair [14–17]. Cell lines
from several tumour types, including gastric cancer,
carry homozygous deletions at the FHIT locus
[7,11,18,19]. Abnormal sizes of mRNA have been
reported to be tumour-specific in several cancer types,
but the role of these low abundance aberrant FHIT
transcripts is uncertain [14,19,20]. Alternative splicing
of the FHIT pre-mRNA has been suggested, but definite
characterisation of different splicing products in normal
cells has not been carried out and, so far, no alternative
proteins have been described [21]. Reduced Fhit expres-
sion has been detected in several types of cancers,
including gastric cancer, usually as a result of genomic
FHIT alterations and altered FHIT transcripts [2,22–
24]. Hypermethylation in the FHIT promoter region has
been identified in breast and lung cancer; this is allele-
specific and results in reduced expression of the gene
[25]. Alterations at the FHIT locus or reduced expres-
sion of Fhit have been associated with gastric tumour
progression and poor survival of cancer patients [26]. In
general, in tumours (lung and stomach) associated with
environmental carcinogens, alterations in the FHIT
gene occur early in cancer development, but in other
cancers are thought to be a late event and possibly
associated with cancer progression to more aggressive
neoplasias [2]. Somatic point mutations in the FHIT
gene have rarely been found in gastric or other tumours
so far, and germline mutations do not seem to be sig-
nificant [13,19,27]. Therefore, it has been argued that
the FHIT gene may be altered in cancers simply because
it is located at a fragile region and is likely to be sus-
ceptible to breakage [21].

Various evidence from functional analysis showed the
tumour suppressor role of the FHIT gene. Tumor-
igenicity can be reduced in lung, cervix and kidney cell
lines after reintroduction of the FHIT gene [28–30].
Similarly, with the use of human/mouse microcell
hybrid, it was demonstrated that the introduction of
chromosome 3 into a mouse fibrosarcoma line reduces
tumorigenicity, whereas elimination of the FHIT locus
enhances tumorigenicity [31]. A definite proof of the
tumour suppressor function of Fhit was demonstrated

with the generation of Fhit knockout mice [32]. Both
heterozygous (Fhit+/�) and homozygous (Fhit�/�)
Fhit knockout mice spontaneously develop tumours at
increased frequency [32]. In addition, both Fhit+/�
and Fhit�/� mice are more susceptible to carcinogens,
and form tumours in the oesophagus and forestomach
[32]. Treatment of the Fhit knockout mice with adeno-
virus and AAV-based expression of the Fhit reduces the
malignant phenotype [33]. Apart from the ability of Fhit
to bind and hydrolyse Ap3A, little is known of the bio-
chemical and biological function of Fhit with respect to
its tumour suppressor ability.

In this study, we analysed a set of 50 gastric tumours
for FHIT abnormalities in DNA, mRNA and protein
levels in order to clarify the participation of FHIT in
gastric carcinogenesis.

2. Materials and methods

2.1. Samples

Included in the study were 50 tumours and corre-
sponding non-malignant samples, of which two tumours
were familial, the rest sporadic. All tumours were avail-
able for immunohistochemistry and the majority for
DNA and RNA analysis. These cases were diagnosed at
the Department of Pathology, University Hospital of
Iceland. Fresh tissue was obtained on the day of surgery
or from paraffin-embedded material. Information con-
cerning tumour stage, histological type, subtype
according to the Lauren classfication [34] and tumour
grade was also obtained from the same department.
DNA for Polymerase Chain Reaction (PCR) was iso-
lated by the proteinase K treatment [35]. RNA for
Reverse Transcriptase (RT)-PCR was extracted using
Tri Reagent (Molecular Research Center, Inc., USA).

2.2. LOH determination

Microsatellite markers used for loss of heterozygosity
(LOH) analysis within the FHIT gene were: D3S1313
(telomeric to exon 10), D3S1234 (intron 5), D3S4103
(intron 5), D3S1300 (intron 5), D3S2757 (intron 4) and
D3S4260 (intron 4) (Genome Database) (Table 1). The

Table 1

Loss of heterozygosity (LOH) within the FHIT gene in gastric cancer

Marker Location Number of samples tested Informative samples (%) Tumours with LOH (%)

D3S4260 Intron 4 41 16 (39) 10 (63)

D3S2757 Intron 4 37 20 (54) 8 (40)

D3S1300 Intron 5 30 26 (87) 11 (42)

D3S4103 Intron 5 32 26 (81) 19 (73)

D3S1234 Intron 5 38 27 (71) 17 (63)

D3S1313 Telomeric to exon 10 37 17 (46) 9 (53)
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PCR products were separated in an acrylamide sequen-
cing gel and transferred to a positively charged nylon
membrane, Hybond-N+ (Amersham, Aylesbury, UK)
and baked for at least 2 h at 80 �C. The non-radioactive
detection method used to visualise the PCR products
has been previously described in Ref. [36]. Auto-
radiograms were inspected visually by at least two
reviewers, comparing the intensity of alleles from nor-
mal and tumour DNA. The absence or significant
decrease of one allele in the tumour compared with the
normal reference sample was considered as LOH.

2.3. Mutation screening

Five coding exons (5, 6, 7, 8 and 9) of the FHIT gene
were screened for inactivation mutations with a PCR-
single strand conformation polymorphism (SSCP) ana-
lysis on genomic DNA templates. The primers for the
FHIT gene used in the SSCP analysis were described by
Gemma and colleagues (1997), and ordered from TAG
Copenhagen A/S. Genomic DNA was used at 30 ng per
25 ml reaction mixture containing 5 pmol of the forward
and reverse primers, 2.5 nmol of each deoxynucleotide
triphosphate (dNTP), 0.5 units of DynaZyme poly-
merase. The samples were amplified in 35 cycles com-
posed of 30 s of denaturation at 94 �C, 30 s of annealing
at 55 �C, and finally 60 s of extension at 72 �C. A hot
start was used by adding the enzyme in first cycle at
approximately 70 �C, after a preincubation time of 5
min at 94 �C. A 4-ml aliquot of PCR products was
mixed with 7 ml of formamide dye (95 v/v formamide,
0.05 w/v bromophenol blue and 0.05 w/v xylene cyanol),
denatured at 94 �C for 10 min and snap-cooled on ice.
Aliquots of 2 ml were analysed simultaneously on two
non-denaturing polyacrylamide gels (5 w/v acrylamide
with 2 w/v cross-linking), either containing 5 v/v glycerol
or lacking glycerol. Electrophoresis was performed in
1�Tris Borate EDTA (TBE) on vertical gels at 6 W
overnight or for 6 h at room temperature. The PCR
products were visualised as the microsatellite markers.
Samples with abnormal mobility bands were amplified
again for 35 cycles as described above. A 5-ml aliquot of
PCR products was then incubated with 10 U exonu-
clease I and 2 U shrimp alkaline phosphatase to remove
excessive primers and dNTPs (US70995, Amersham).
Sequences of both strands were determined by thermo
sequenase DNA polymerase (Thermo Sequenase Radio-
labeled Terminator Cycle Sequencing Kit, Amersham)
using the two original PCR primers.

2.4. Aberrant mRNA screening

1–5 mg of the total RNA was reversely transcribed
into cDNA in a 15-ml reaction mixture using first strand
cDNA synthesis kit (Amersham Pharmacia Biotech).
All samples were examined three times using RT-PCR.

One screening was by using non-nested RT-PCR with
the expand high fidelity system containing a thermo-
stable Taq DNA polymerase and a proofreading poly-
merase. This is effective for the amplification of big
fragments (>500 bp). By using the expand high fidelity
system, the reliability of our experiment can be raised.
The remaining two screenings were by semi-nested RT-
PCR with DynaZyme polymerase. For non-nested RT-
PCR, 5U2 (50-CATCCTGGAAGCTTTGAAGCTCA-
30) and 1AS (50-GCGGTCTTCAAACTGGTTG-30)
(731 bp) primers were used [37]. The FHIT cDNA was
used at 3 ml per 25 ml reaction mixture containing 5
pmol of the forward and reverse primers, 2.5 nmol of
each dNTP, 2.6 units of high fidelity polymerase. The
samples were amplified in 40 cycles composed of 60 s of
denaturation at 95 �C, 60 s of annealing at 60 �C, and
finally 90 s of extension at 72 �C and a hot start was
used as described earlier. For the first step of the nested
PCR, 5U2 and 3D2 (50-TCACTGGTTGAAGAATA-
CAGG-30) (815 bp) [37] primers were used in the same
reaction mixture, but with the DynaZyme polymerase
and in the same PCR conditions used in the non-nested
RT-PCR, for 30 cycles of amplification. For the second
step, 1 ml of the first step products was amplified using
5U2 and 1AS primers, which were identical to the non-
nested PCR. The reaction mixture and PCR conditions
were the same as the first step of the semi-nested RT-
PCR, except for the 40 cycles of amplification. Mean-
while, 11 corresponding non-cancerous tissues were also
analysed. As internal controls, additional PCR opera-
tions were carried out using primers specific for �-actin
(50-TTCTACAATGAGCTGCGTGT-30, 50-GGAGTC-
CATCACGATGCCAG-30, 198 bp), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (50-AGTCA-
GCCGCATCTTCTTTTGC-30, 50-CTCCTGGAAG-
ATGGTGATGGGA-30, 290 bp), and phosphoglycerate
kinase (PGK) (50-GCTGAACTACTTTGCAAAGGC-30,
5-CCCCAGGAAGGACTTTACCT-30, 653 bp) [37].
The PCR products were visualised by 2 w/v agarose gel
electrophoresis. Abnormal fragments were excised and
sequenced using forward and reverse primers to deter-
mine the boundaries of the deletions and insertions.
Here, we used BigDye Terminator Cycle Sequencing
Ready Reaction Kit (Perkin-Elmer, Foster City, CA,
USA) and automated sequencer ABI PRISMTM 3100
(Perkin-Elmer) for sequencing.

2.5. Microsatellite instability

We used 21 polymorphic markers distributed over the
genome including the markers used in FHIT LOH
analysis, obtained from Research Genetics: D2S123,
D2S382, BAT26, D3S1210, D3S1217, D3S1234, D3S1300,
D3S1313, D3S1600, D3S2757, D3S4103, D3S4260,
D6S292, D7S480, D9S157, D13S153, D16S421, D16S496,
D16S503, D16S512 and D16S545. The MSI+ phenotypes
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were assigned to tumours where extra alleles were
detected at two or more markers.

2.6. Immunohistochemical staining

Immunohistochemistry for Fhit was performed on
5-mm sections from paraffin-embedded tumour tissue
blocks with polyclonal antibody glutathione S transfer-
ase (GST)-Fhit. The sections were deparaffinised, rehy-
drated and rinsed in tap water before antigen retrieval
by heating in a 0.01 M citrate buffer (pH 6.0) twice for 5
min at 850 W. Sections were incubated with the anti-
body, diluted 1/800, overnight at room temperature.
Immunohistochemical staining was visualised using the
Strept ABC Complex/horseradish peroxidase (HRP)
Duet (mouse/rabbit from DAKO) according to the
manufacturer’s instructions. Tumours were graded by
the intensity of staining as negative (�), weakly positive
(+), moderately positive (++) and strongly positive
(+++). A regional variation of staining across the
tumours was observed. Therefore, tumours where more
than 50% of the cells were positive for Fhit staining
were graded as +/�, ++/�and +++/�. In contrast,

�/+, �/++ and �/+++ indicated that more than
50% of the cells were negative for Fhit staining.

2.7. Statistical analysis

A w2 test or Fisher’s Exact test was used to assess the
relationship between the above parameters.

3. Results

Thirty-eight of 45 tumours (84%) showed LOH with
at least one marker (Fig. 1). Six markers showed high
frequency of LOH, namely D3S4103 73%, D3S4260
63%, D3S1234 63%, D3S1313 53%, D3S1300 42% and
D3S2757 40%, respectively (Table 1). There were 18
tumours with LOH at all of the informative markers
tested, indicating loss of the whole FHIT gene from one
allele in these tumours. The other 20 showed break-
points within the FHIT gene, suggesting a partial dele-
tion of the FHIT gene in these tumours.

No mutations were detected in the FHIT gene. The
polymorphisms detected in the FHIT gene are listed in

Fig. 1. Autoradiogram of a dinucleotide repeat polymorphism in five matched normal (N) and tumour (T) tissues form patients with gastric cancer.

The case numbers are indicated above each autoradiogram. The microsatellite marker D3S1300 was used here. Case 308 is a homozygote. Loss of

heterozygosity (LOH) is seen in cases 360, 726 and 728. Arrows point towards alleles with a decrease in relative intensity indicating a LOH. Case 474

is a heterozygote. Each allele has a set of bands due to slippage in the PCR, therefore a homozygote has one set of bands and a heterozygote two sets

of bands.

Table 2

Polymorphisms of the FHIT gene in gastric cancer

Amplicon Site Polymorphism Frequency (/49) Homozygote/Heterozygote Somatic/Germline

Exon 6 Codon 54 GAA (Gln)!GAG (Gln) 1 0/1 0/1

Exon 6 Intron 6 +43 A!G 3 3/0 0/3

Exon 6 Intron 6 +72 A!T 1 0/1 0/1

Exon 7 Codon 88 GCC (Ala)!GCT (Ala) 14 1/13 0/14

Exon 7 Codon 92 GTG (Val)!GTA (Val) 1 1/0 1/0

Exon 8 Codon 98 CAT (His)!CAC (His) 18 3/15 0/18
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Table 2. Here, most of the polymorphisms were hetero-
zygous and from the germline.

Aberrant mRNA, including no bands (low expres-
sion), was detected in 34 of 39 tumours (87%), and also
in seven of 11 corresponding non-cancerous tissues
(64%). This difference was not statistically significant.
Here, the results are the combination of the nested-RT-
PCR and single step RT-PCR. For nested RT-PCR, 26
of 39 tumours (67%) exhibited aberrant mRNA or no
bands. In addition, 28 of 39 tumours (72%) were found
to have aberrant mRNA or no bands using single step
RT-PCR with high fidelity polymerase. The accordance
rate of the two methods in the samples with visible
bands in both methods is 65%. For six tumours with no
bands by nested RT-PCR, four showed aberrant
mRNA, and the other two wild-type mRNA by single
step RT-PCR. In addition, two tumours with no bands
by single step RT-PCR were found with aberrant and
wild-type mRNA, respectively, by nested RT-PCR.
Additionally, all examined samples showed wild-type
mRNA in the controls (�-actin, GAPDH and PGK).

We found a different frequency of deletions and
insertions in the aberrant mRNA in tumours (Table 3).
All breakpoints for these deletions and insertions were
at normal or cryptical splicing sites by comparison with
the normal sequence of the FHIT gene from a gene

bank, in accordance with the ‘GU-AG’ splicing rule. All
insertions came from adjacent introns (Table 3). In
particular, two tumours showed insertions that were
composed of two sequences from different sites of the
same intron (Table 3). Additionally, most of the
tumours showed coexpression of wild-type mRNA and
aberrant mRNA. However, four tumours had only
aberrant mRNA. Interestingly, some tumours displayed
two or more aberrant mRNA. However, similar condi-
tions also existed in the corresponding non-cancerous
tissues.

Negative (�) or reduced (+/�, �/+, �/++ and
�/+++) Fhit expression was detected in 39 of 50
(78%) tumours by immunohistochemistry (Fig. 2).

In addition, we identified MSI in these tumours and
found 13 of 48 (27%) showing this phenotype. Interest-
ingly, 10 of 13 tumours (77%) with MSI also showed
MSI within the FHIT gene.

An association was found between absent or reduced
Fhit expression and positive node status (P=0.012,
Fisher’s Exact test). No association was found between
Fhit expression and tumour stage and grade. Moreover,
we found an association between MSI and negative
node status (P=0.02, w2 test). No association was found
between LOH within the FHIT gene and abnormal
FHIT transcripts, abnormal FHIT transcripts and

Fig. 2. Immunohistochemical staining of Fhit in intestinal gastric cancers: (a) negative staining (scoring �); (b) weak staining (scoring +); (c)

moderate staining (scoring ++); and (d) strong staining (scoring +++).
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abnormal Fhit expression, and LOH within the FHIT
gene and abnormal Fhit expression.

4. Discussion

LOH within the FHIT gene was detected at a high
frequency in this study. The microsatellite markers used

here were mainly located at introns 4 and 5. However, it
is reasonable to deduce that a high frequency of LOH
within the FHIT gene would be identified if markers
from other introns were also used. This indicates a
highly unstable feature of the FHIT gene in gastric
cancer. A common fragile site, FRA3B, was mapped
into the FHIT gene [1]. The fragility of this site may
presumably result from the late replication, which can
be further delayed by inhibiting the DNA polymerase
activity by aphidicolin [38]. The common fragile sites
are loci that are especially prone to forming gaps or
breaks on metaphase chromosomes when cells are cul-
tured under conditions that inhibit DNA replication or
repair [39]. In addition to forming fragile sites on meta-
phase chromosomes, they have been shown to display a
number of characteristics of unstable and highly
recombinogenic DNA in vitro, including chromosome
rearrangements, sister chromatid exchanges and intra-
chromosomal gene amplification [39]. Therefore, we can
speculate that the above aberrations can also occur in
these gastric tumours with LOH within the FHIT gene,
if these tumours are generated by carcinogens, which act
as inhibitors of DNA replication and repair. However,
so far the instability of the fragile sites has not been well
documented in relation to tumour initiation and pro-
gression. On the other hand, we deduce that the com-
mon fragile sites can maintain stability if DNA
replication and repair are not inhibited by carcinogens.
If so, the high frequency of LOH here strongly suggests
that the FHIT gene is a tumour suppressor gene. Loss of
one allele of the FHIT gene may cause reduced Fhit
expression [23].

Meanwhile, we found 27% of tumours showing MSI,
suggesting that there is a lack of mismatch repair
(MMR) in these tumours. This could be partly respon-
sible for the high frequency of LOH detected within the
FHIT gene, by promoting the instability of FRA3B or
accumulation of genetic changes in a non-fragile region.
Moreover, 10 of 13 tumours (77%) with MSI also
showed MSI in intron 4 or 5 of the FHIT gene, sug-
gesting that introns 4 and 5 are highly unstable. Shor-
tened microsatellite d(CA)21 sequence downregulates
the promoter activity of the matrix metalloproteinase 9
(MMP9) gene [40]. Therefore, it can be suggested that
loss or gain of (CA)n caused by MSI in the FHIT
introns could result in reduced expression by affecting
pre-mRNA splicing or downregulating the transcrip-
tional activity of the FHIT gene. Additionally, an asso-
ciation was found between MSI and negative node
status, suggesting that MSI, caused by lack of MMR, is
an initiator in gastric tumorigenesis, which can promote
alterations of the FHIT gene or other genes.

The discrepancies in the tumours with visible bands in
the two protocols suggest that the appearance of the
aberrant mRNA is dependent on the conditions of RT-
PCR, and the amount of the aberrant mRNA can be

Table 3

Analysis of aberrant FHIT transcripts in gastric cancer

Types of aberration Frequency (/39)

Deletion of exons 3–6 15

Deletion of exons 5–8 7

Deletion of exons 5–7 6

Deletion of ATGTTTTTCAG of exon 10 5

Deletion of exons 4–7 3

Deletion of exons 3–4 2

Deletion of exon 4 2

Deletion of exons 3–7 1

Deletion of exons 4–6 1

Insertion of 72 bases between exons 4 and 5a 3

Insertion of 93 bases between exons 2 and 3b 1

Insertion of 53 bases between exons 8 and 9c 1

Insertion of 112 bases between exons 4 and 5d 1

Insertion of 56 bases between exons 9 and 10e 1

Insertion of 40 bases between exons 4 and 5f 1

Deletion of exons 5–7 and insertion of 138 basesg 3

Deletion of exon 3 and insertion of 102 basesh 1

Deletion of exons 4–7 and insertion of 222 basesi 1

Deletion of exon 5 and insertion 250 basesj 1

Deletion of exons 5 and 6 and insertion of 86 basesk 1

All insertion sequences came from adjacent introns, whose appearance

is in accordance with the ‘GU-AG’ rule for pre-mRNA splicing.
a 50-aaaggacattccaatttacatcctcaccagcatctgtttgggagtgcttctctctctgcattc-

ttgccaact-30.
b 50-cagacagtagaaaaagctgtagccgctgaagagaggccccaaccggaactgtggcctt-

ccttagagggatacagccattgccaacccacaatg-30.
c 50-gttttgagaggttcctgtgagccaggccctgggctgggtgcagggacacaagg-30.
d 50-gtaccgtgactggatcacatggagccccaggatttttagtaaaggacattccaatttacat-

cctcaccagcatctgtttgggagtgcttctctctctgcattcttgccaact-30.
e 50-agaagatttctgatgttagaatcataaggcctttgtttgtttaaaaatggcttaag-30.
f 50-gtaccgtgactggatcacatggagccccaggatttttagt-30.
g 50-agtcttgctgtgtcgtccaggctggagtgcagtggtatgatcttggctcactgcaacctctg-

cctccagggttcaagtgattctgctgcctcagtctcctgagtagctgggactacaggtgtgcgccaca-

acacccag-30, from intron 5.
h 50-gcagaaatttcaaggtaaggaagaagaaaagaagaaagggaggaaggaaaggaga-

agggacggaaaaggattccagtttctgaatttttgtggcatcctact-30, from intron 3.
i 50-agtcttgctgtgtcgtccaggctggagtgcagtggtatgatcttggctcactgcaacctctg-

cctccagggttcaagtgattctgctgcctcagtctcctgagtagctgggactacaggtgtgcgccaca-

acacccagattccaggggtgtgcatccattcttgttacacgggtaaactgagtgtcgctgaagcttgg-

tggatgaatgatcctgtcacccag-30, the first 138 bases from one site of intron

5, the last 84 bases from another site of intron 5.
j 50-agtcttgctgtgtcgtccaggctggagtgcagtggtatgatcttggctcactgcaacctctgc-

ctccagggttcaagtgattctgctgcctcagtctcctgagtagctgggactacaggtgtgcgccacaa-

cacccagtctttgagagttcaggccctggtccgagaggattcaatcctgtgggtatgaactgcttggt-

aagaacactacccaaagccagcagcatgggccttaacagaccttgctacag-30, the first 138

bases from middle of intron 5, the last 112 bases was also last 112

bases of intron 5,
k 50-gctctccttcctgctgccatgtaaggtgtgactttgctcttgattcacctggcatgcgtgtga-

ggcctcctcagccatgtggaact-30, from intron 5.
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low. This is in accordance with a previous study in lung
cancer [37]. Here, a single step RT-PCR with a high-
fidelity polymerase was more effective than a nested RT-
PCR, because in six tumours with no bands by nested
RT-PCR, four were shown to have aberrant mRNA
and another two to have wild-type mRNA by single-
step RT-PCR. This also indicates that low expression of
the FHIT gene occurs in the tumour cells. Previous
studies also support this opinion [37]. In the present
study, low expression of FHIT mRNA was also detec-
ted in the corresponding non-cancerous tissues. Above,
we have mentioned that hypermethylation in the FHIT
promotor region has been detected in breast and lung
cancers; this is allele-specific and results in a low
expression of the gene [25]. We continued to sequence
these aberrant transcripts by direct sequencing and
found frequent deletions and/or insertions in them, but
no point mutations were identified. Detailed analysis
found that all breakpoints of these deletions and inser-
tions are at normal or cryptical splicing sites, and all
insertions came from the adjacent introns by com-
parison with normal DNA sequences from a gene bank.
Interestingly, the appearance of these insertions is com-
pletely in line with the ‘GU-AG’ rule for pre-mRNA
splicing. Because no typical DNA mutations at splicing
sites were detected, it may be suggested that the forma-
tion of these aberrant transcripts is due to alternative
splicing. This is supported by the finding that some
tumours showed two or more aberrant mRNAs and
non-cancerous tissues also exhibited aberrant mRNA.
Previous studies also showed aberrant FHIT mRNA in
normal tissues [41–44]. The high frequency of alter-
native splicing of the FHIT mRNA may result from the
instability of this locus. It would be of interest to
understand better if there is a functional link between
the late replication and alternative splicing of this locus.
The alternative splicing products are probably not due
to dysfunction of the splicesome, because no aberrant
transcripts were detected in the controls (�-actin,
GAPDH and PGK). We did not detect an association of
alternative transcripts with reduced Fhit expression, but
it should be noted that usually the alternative mRNA is
accompanied by wild-type mRNA. It is not clear if these
aberrant transcripts affect the gene or cell function, but
they could encode structurally abnormal Fhit protein,
which may influence the functions of the homodimer
Fhit composed of the abnormal Fhit and normal Fhit
by dominant-negative mechanisms. However, no alter-
native Fhit proteins have been described so far.

Negative or reduced expression of Fhit has been
detected in 78% of tumours examined by immunohisto-
chemistry. This frequency is higher than in our previous
studies on breast cancer [23,24], suggesting that the
alterations of the Fhit proteins may play a major role in
a majority of gastric tumours. Presumably absent or
reduced Fhit can not modulate the intracellular level of

the diadenosine triphosphate, resulting in loss of control
of cell growth. Fhit expression also induced apoptosis in
studies using human pancreatic and oesophageal cancer
cells [45,46]. A heterogeneous expression of Fhit was
observed across the tumours, suggesting that there are
different genetic changes of the FHIT gene in the
tumour cells. It is possible that the high frequency of
alternative splicing of the FHIT mRNA generates het-
erogeneous Fhit expression. Additionally, we found an
association between abnormal Fhit expression and
positive node status, suggesting that alterations of the
FHIT gene play a role in the late stage of gastric
tumorigenesis. This is accordance with the report by
Capuzzi and colleagues [26]. In our previous studies,
LOH within the FHIT gene was associated with abnor-
mal Fhit expression in breast cancer [23,24]. Therefore,
we speculate that LOH within the FHIT gene could also
result in the abnormal expression of Fhit in this study,
although a significant association was not found, pre-
sumably due to the low numbers in the negative LOH
group.
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