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ABSTRACT

The FHIT gene, encoded by 10 exons in a 1.1-kb transcript, encom-
passes approximately 1 Mb of genomic DNA, which includes the heredi-
tary RCC t(3;8) translocation break at 3p14.2, the FRA3B common fragile
region, and homozygous deletions in various cancer-derived cell lines.
Because some of these genetic landmarks (e.g., the t(3;8) break between
untranslated FHIT exons 3 and 4, a major fragile region that includes a
viral integration site between exons 4 and 5, and cancer cell homozygous
deletions in intron 5) do not necessarily affect coding exons and yet
apparently affect expression of the gene product, we examined the FHIT
locus and its expression in detail in more than 10 tumor-derived cell lines
to clarify mechanisms underlying aberrant expression. We observed some
cell lines with apparently continuous large homozygous deletions, which
included one or more coding exons; cell lines with discontinuous deletions,
some of which included or excluded coding exons; and cell lines that
exhibited heterozygous and/or homozygous deletions, by Southern blot
analysis for the presence of specific exons. Most of the cell lines that
exhibited genomic alterations showed alteration of FHIT transcripts and
absence or diminution of Fhit protein.

INTRODUCTION

The FHIT gene, spanning the t(3;8) (3p14.2;q24) RCC-associated
chromosome translocation, the FRA3B common fragile region, and
homozygous deletions in cancer cells, is a potential tumor suppressor
gene (1) that encodes the human diadenosine triphosphate hydrolase
(2). The in vivo function of this enzyme, which produces ADP and
AMP in vitro from the diadenosine substrate, is not known. The
1.1-kb FHIT cDNA is encoded by 10 small exons distributed over a
genomic locus of about 1 Mb; the t(3;8) break falls between untrans-
lated 5’ exons 3 and 4. The gene overlaps homozygous deletions
observed in various cancer cell lines, which often include exon 5, the
first protein-coding exon, and usually include portions of the >200-kb
intron 5 (1, 3).

The FHIT gene is apparently expressed at low levels in most adult
tissues but is absent or undetectable by Northern blot in some tumor
cell lines with deletions (1). We have previously investigated the
integrity of the FHIT transcript in small tissue samples from primary
tumors by RT from total RNA or mRNA followed by PCR amplifi-
cation, using primers in exons 1 and 10; this amplification product
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was then reamplified using primers nested inside the original primers
in exons 2 and 9 (1, 4-6). These studies, in parallel with preliminary
investigations of the integrity of the FHIT genomic locus, suggested
that lesions in the FHIT genomic locus often resulted in shorter
aberrant RT-PCR products and further suggested that aberrant FHIT
RT-PCR products might be diagnostic of a DNA lesion in cases in
which the FHIT genomic locus was not or could not be studied in
detail. Such aberrant FHIT RT-PCR products have been observed in
a variety of types of tumors and tumor cell lines, as have FHIT
genomic lesions, and have been useful in suggesting which cancer cell
lines are likely to exhibit alterations within the FHIT locus, although
Thiagalingam et al. (7) have found a lower frequency of involvement
of FHIT in colon cancer xenografts and have cautioned that nested
RT-PCR amplification can produce artifactual aberrant products. In
ongoing detailed analyses of the FHIT locus, we have undertaken a
study to correlate specific FHIT locus DNA lesions with their effects
on RT-PCR products and Fhit protein expression.

The intron-exon structure of the FHIT gene was determined, and
intron-exon boundaries sequenced in order to amplify and sequence
individual exons that show SSCPs. Ends of cosmids in the FHIT
contig were sequence tagged (STSs) so that numerous probes through-
out the FHIT locus could be tested for homozygous deletion. Finally,
rabbit antibodies specific for the Fhit protein were generated and used
to study Fhit expression in cancer cell lines.

MATERIALS AND METHODS

Cells. Cancer-derived cell lines were obtained from American Type Cul-
ture Collection or were kindly donated by Drs. Edward Lattime (RCC cells),
Dolly Huang (HK1, CNE1, and CNE2 nasopharyngeal carcinoma cells), Linda
Cannizzaro (9944 and 9542 lymphoblastoid cell lines carrying the t(3;8)
translocation), or other colleagues and were maintained as described (8).
Cos/Fhit-Flag transient transfected cells were previously described (2). The
DT36 cell line was established from a laryngeal SCC from a patient who had
been treated for multiple head and neck tumors. DT36 cells used in this study
had been subcultured between 10 and 20 times.

RNA Extraction, RT, and RT-PCR Amplification. mRNA was isolated
from cell lines and tissues after treatment with 4 M guanidinium isothiocyanate,
followed by phenoi-chloroform extraction and isopropanol precipitation, or
total RNAs were prepared using the RNAzol kit (Tel-Test, Inc., Friendswood,
Texas), according to the manufacturer’s instructions.

RT was performed in 30 ul final volume of 50 mm Tris-HCI, pH 8.3, 75 mm
KCl, 3 mm MgCl,, 10 mm DTT, 0.125 mm each dNTP, 500 ng of oligo-dT, 600
units of Moloney murine leukemia virus-reverse transcriptase (Life Technol-
ogies, Inc.), 40 units of RNasin (Promega), and 2 pg of RNA. This reaction
was incubated at 37°C for 90 min and boiled for 5 min. RT-PCR primers are
listed in Table 1.

PCR Amplification. The oligonucleotides for generating PCR products for
agarose gel analysis or SSCP analysis were designed using the computer
program Oligo 4.0 (National Biosciences) or were taken from the GDB.

PCR amplifications were carried out in 12.5 ul final volume with 100 ng of
genomic DNA template, 20 ng of primers, 10 mM Tris-HCI, pH 8.3, 50 mMm
KCl, 0.1 mg/ml gelatin, 1.5 mm MgCl,, 0.2 mM each ANTP, and 0.5 units of
Tag polymerase (ABI). The amplifications were performed in a Perkin-Elmer
Cetus thermal cycler for 30 cycles of 94°C for 30 s (for denaturation), 57°C
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STRUCTURE AND EXPRESSION OF FHIT

Table 1 Oligonucleotide primers for PCR amplification

Primer pairs Sequences (5'-3") Origin
67CF/R CCCAAATCGTATATGTGCGTG/CTATAGACTAATTGCACTTGG Cosmid 06 #7 T7 end
i7BF/1B CCTCCTCATTGTTCCTACAG/ TCACTGGTTGAAGAATACAGG Exon 10

iex9F/R TTCAAGGAGATCCCAAGG/TGTGCATCCCCATTCTGA Exon 9

67AF/R GTCTGCAGAAAGCTATGAGC / TTCCCAAATGCAGCAGGAAC Cosmid 06 #7 T3 end
S9CF/R TGTCAGTTTGACTCCAGAGC /CATACTCGGAACAATCATGC Cosmid 05 #9 T7 end
iex8F/R GGAGTAATTGGGCTTCAT/AGGTTGATGTCATCCCAC Exon 8

51CFRR CTCAACTCACTACTGCCACC/TATGGCTTGATCCAGGGAC Cosmid 05 #1 T7 end
iex7F/016 TGGTCCCCATGAGAATACTA/ TTACGGCTCTAACACTGAGG Exon 7

iex6F/R GGTCCGAGAGGATTCAAT / TATCAGGAGGAGCAAGCC Exon 6

51AF/R TGGCACATGTATTCCCAAGAC/TTCCCAAGTAGCCTGAGAAC Cosmid 05 #1 T3 end
63A1/A2 TAAGTAACTTGGCCAGAGCT/CGCTGTACAGTGGTAGTCA Cosmid 63 T3 end

P4A1/A2 GCTGACAAAGGCATAGGCTT/CTGGTTAGTCAGGCTAATGC Cosmid P4 T3 end

63C1/C2 GTGACTGATTGGCCAACCAA/TCGAAGCTCTTAGATACAGG Cosmid 63 T7 end

S8A1/A2 AGCTGCCTGTTTCCTCAAC/GAGTGGCTTGTGACAAACTG Cosmid S8 T3 end

76C1/C2 TTCATTAGGTCAGTTGGTTGAA /CACCGGAAATAATGTTTTCTTCC Cosmid 76 T7 end

36C1/C2 AATGGATGAACATCCGGAAGT /GGTAACACCACTAGCAATTAGA Cosmid 36 T7 end

B4A1/A2 ATCTCATGAGCCGACGAGT /CACATGCTTGGAGACATAACTA Cosmid B4 T3 end

iexSF/R ATGGCATCCTCTCTGCAA/TTCATTTGGCTGGTTAGG Exon 5

76AF/R GTCATTCCTTGGTGCTAG/ TCCTGGTTGTAATAGGGC Cosmid 76 T3 end

B4C1/C2 GCAATATCTGAGAAGCACAGTA / TGAGGCAGCAGTGCACTTA Cosmid B4 T7 end
U39804F/R CTGGCCTTATCATTCCTG/ TCCAGGGTGGTGACTTCA Accession #U39804, at nucleotides 11, 262
TGCFR AGGGTTAATCAACCAATCCA/TTTGCTATGTGATGAGGCTG Accession #U39804, at nucleotides 2660, 2971
U39799F/R GCCAATACCCCAGATAGT /TGGAAAGATGGTTACCTG Accession #U39799, at nucleotides 123, 332
ex4TT7F/R TGGAGAATGCACACGTTAGC/GGCATATGGTAAGCTCATTGG Cosmid exon 4 T7 end
iex4F/R TTGTACCTAGAGCCATCTGG/GGATACTCACAGCAGGTCAA Exon 4

C7BAFR TTGGCTCATAGTAGGTGC /CCTGAGACCTGAAGGATG Cosmid 7B T3 end

iex3F/R AGGGTGATACTAGCTGCTTT/ TGACTTTAGCCAGTGGCA Exon 3

ex3T7F/R TATGTGTGGAGGTCAGAG/AAGAGGACCAAGTGCATG Cosmid exon 3 T7 end
ex2T3F/R GGCAATTAACCACATCAG/GTGGAAGAAACAAACCTC Cosmid exon 2 T3 end
iex2F/R AGGTACGAGGCACAAGTT/GCAGGTGGTTAAGGAAGT Exon 2

ex2T7F/R ATGGGAGACTGCCACAAA/GCCGTTTGGTATTGCCTT Cosmid exon 2 T7 end
ex1T3F/R GACCAAGTACCGATGAGTTC/GGTTCGTCAGTTTCATAGACA Cosmid exon 1 T3 end
UR4/il15'R CTGCTCTGTCCGGTCACA/GTCGGTGCTTGGGAATTG Exon 1

exIT7TF/R TCCTTGTCCTTATCCATT/CCCTTGTTTTACACACGA Cosmid exon 1 T7 end
URS/06 CTGTAAAGGTCCGTAGTG/CTGTGTCACTGARAGTAGAC Exon 2 nt 192, exon 9 nt 790

(varied for specific primer pairs) for 30 s (for annealing), and 72°C for 30-60
s (for extension).

SSCP Analysis. The procedure for PCR-SSCP was described previously
(9). Samples were amplified by PCR with the appropriate oligonucleotides
flanking each exon (Table 1). PCR product (1 ul) was mixed with 10 pl of
loading buffer (95% formamide, 10 mM NaOH, 0.05% bromphenol blue,
0.05% xylene cyanol FF) and denatured at 94°C for 5 min. Samples were
electrophoresed on a 0.5 X Hydrolink MDE Gel (J. T. Baker, Phillipsburg, NJ)
at 5 W for ~18 h.

DNA Sequence Analysis. Representative polymorphic and variant bands
(individual alleles) from SSCP gels were cut from the dried gel, reamplified,
purified, and sequenced using amplification primers or internal synthetic
oligonucleotides. Other PCR products were sequenced after isolation of bands
from gels and purification (Qiagen). Sequencing of PCR products was per-
formed using Tag DyeDeoxy Terminator Cycle Sequencing Kits (Applied
Biosystems, Inc.); reaction products were electrophoresed and recorded on the
373 or 377 DNA sequencer (Applied Biosystems, Inc.). Sequences were
analyzed using Genetics Computer Group software (10).

Southern Analyses. High molecular weight DNA from tumor cell lines
was extracted using standard methods (8). For Southern blotting, 5 ug of DNA
was digested in a 40-ul reaction mix containing 1X restriction buffer, 5 mm
spermidine, and 40 units of restriction enzyme (BamHI, EcoRV, Xbal, or
HindIll; Life Technologies, Inc.). The DNA was electrophoresed on 0.7%
agarose gels and blotted to nylon membranes using the Probe Tech 2 Oncor
machine. All steps and procedures for DNA depurination, denaturation, and
subsequent transfer were performed according to Probe Tech 2 manufacturer’s
instructions. The membranes were hybridized with a cDNA probe containing
exons 1-9 of the FHIT gene. The probe was labeled with [a-3?P}dCTP by
random priming (Life Technologies, Inc.). Both prehybridization and hybrid-
ization were at 65°C in 5X saline-sodium phosphate-EDTA, 5X Denhardt’s
solution, 1% SDS, and 0.1 mg/ml salmon sperm DNA. Hybridized filters were
washed in 2X SSC, 0.1% SDS for 15 min, in 0.1X SSC, 0.1% SDS for 15 min
at room temperature, and twice for 15 min at 65°C. After being washed,
membranes were exposed to Storage Phosphor Screens (Molecular Dynamics,
Sunnyvale, CA) and then scanned on the Molecular Dynamics Phosphorlm-
ager. Densitometric analysis of exon dosage was performed with the Image-
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Quant program. Membranes were also exposed to X-ray film to obtain an
autoradiographic image of the results.

Rabbit Antibody te GST-Fhit Fusion Protein. Production and purifica-
tion of the GST-Fhit fusion protein was previously described (2). Rabbits were
immunized with ~100 ug of the GST-Fhit fusion protein (in 3 ml total
volume, injected s.c. at 500 yl per site, 6 sites per rabbit). The initial injection
was with complete Freund’s adjuvant. Two weeks later, rabbits were given a
booster of incomplete Freund’s adjuvant and GST-Fhit antigen. After 4 boosts
at 2-week intervals, 5 ml of blood were drawn and the serum was tested for
binding to GST-Fhit and the proteolytically cleaved Fhit protein by ELISA and
then by immunoblot analysis. The anti-GST-Fhit antibody was routinely used
at a 1:1000 dilution for immunoblot analysis of the transiently expressed
Fhit-Flag and endogenous Fhit protein.

Immunopurification of Rabbit IgG. The ImmunoPure (A/G) IgG Purifi-
cation Kit (Pierce) was used to purify anti-Fhit IgG from rabbit sera. First, 5
ml of antiserum was diluted at least 1:1 with ImmunoPure IgG binding buffer
and loaded on a Protein A/G column that had been equilibrated with 10 ml
binding buffer. When the sample flowed completely into the gel, the column
was washed twice with 20 ml of the binding buffer, followed by elution of the
bound IgG with 1-2 ml of the ImmunoPure clution buffer. The purified
immunoglobulin was applied to a Quick Spin sephadex G-25 column (Boch-
ringer Mannheim) for desalting and exchanging buffer to PBS.

Cell Lysate Preparation and Western Blot Analysis. For analysis of
Fhit protein expressed in eukaryotic cells, the transfected Cosl cells and
cells to be tested for expression of endogenous Fhit were washed twice with
PBS and scraped into 400 pl of lysis buffer (150 mm NaCl, 1% NP40, 2 mm
EDTA, 1 mm DTT, 50 mMm Tris, pH 8.0, 10 ug/ml each of chymostatin,
leupeptin, aprotinin, and pepstatin, 1 mM phenylmethylsulfonyl fluoride),
sonicated for two 30-s pulses at a setting of 6.0 using Sonicator XL2020
(Heat Systems, Inc.) and centrifuged for 10 min at 15,000 X g. After
protein concentration was measured, ~50-100 g of total cellular protein
were mixed with 5X loading buffer and denatured for 3-5 min at 90°C
prior to being loaded on a 12% SDS-PAGE gel. After SDS-PAGE, the gel
was blotted and the membrane blocked in 5% dried milk in TBST buffer
(10 mm Tris-HCI, pH 8.0, 150 mM NaCl, 0.05% Tween 20) for 1 h at room
temperature, followed by three 10-min washes in TBST buffer and incu-
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bation for 1-2 h at room temperature with anti-Fhit IgG (1:500-1:2000
dilution). After repeated washes in TBST, the blot was incubated for 1 h
with the secondary antibody, antirabbit immunoglobulin labeled with
horseradish peroxidase (Amersham) diluted 1:2000 in TBST; TBST buffer
washes followed. The signal was detected using the ECL system (Amer-
sham) as described by the manufacturer.

RESULTS AND DISCUSSION

Extent of Homozygous Deletions within FHIT in Cancer-
derived Cell Lines. At the time of previous reports describing the
FHIT clones and attendant homozygous deletions (1, 3), the intron
sequences surrounding some of the FHIT exons had not yet been
determined. Cosmids encompassing each of the exons were isolated as
described previously (1) by screening cosmid libraries, prepared from
individual YAC clones, with FHIT cDNA probes. Exon-intron bound-
ary sequences were obtained by sequencing into introns on cosmid
templates using forward and reverse oligonucleotide primers within
the appropriate exons for each cosmid (Genbank accession numbers
U76262-U76272).

Oligonucleotide primers were then designed flanking each exon so
that each exon, with intron flanking sequences, could be amplified for
SSCP analysis and sequencing of polymorphic or variant bands and
for detection of homozygous loss of specific exons (GDB locus names
for primer pairs, D354460E-4469E). For exon 1, we were not able to
design a forward 5’ primer that would, in combination with an intron
1 primer, reproducibly amplify in reactions with human DNA tem-
plate. Thus, for amplification of exon 1 we have placed the forward
primer at the 5’ end of the cDNA and the reverse primer in intron 1.
Similarly, the forward primer for amplification of exon 10 is within
intron 9, but the reverse primer is within exon 10, excluding ~200 bp
of the 3’ end of the exon. Cosmid ends were also sequenced (Genbank
accession numbers U76273-U76295) with vector primers and se-
quence tagged (GDB locus names D354459 and D3S54470-4490) for
amplification from human DNA templates. At one end of cosmid cx3,
which includes exon 3, there are extensive sequences homologous to
human LINE families, which precluded design of unique oligonucleo-
tide primers. Oligonucleotide primers for amplification of cosmid
insert end sequences, individual exons, and other STSs, listed in Table
1, were used to search for homozygous deletion of portions of the
FHIT locus and FRA3B in a panel of cancer cell lines, by PCR
amplification, using each primer pair on DNA templates from cancer
cells.

We began our search for homozygous deletions using cell lines first
shown by Lisitsyn et al. (11) to exhibit loss of the BE758-6 marker;
these included mostly colon cancer cell lines and a breast tumor cell
line. We also tested cancer-derived cell lines of other cancer types that
were known to exhibit loss of heterozygosity on 3p, e.g., RCC, which
we have shown to lose heterozygosity at high frequency in 3p14.2 (9,
12). Cell lines that we have studied for loss of numerous markers
within the FHIT locus are shown in Table 2 with an illustration of
markers that we find homozygously deleted. FHIT exon 5, which is
not far centromeric of the BE758 —6 marker isolated by Lisitsyn et al.
(11) and which is near the heart of the FRA3B region (1, 13-17), is the
most consistently deleted of the protein-coding exons, whereas the
RCC cell line RC48 has lost both copies of exons 8—10. Some of the
cell lines, such as Siha, CNE1 (a nasopharyngeal carcinoma cell line,
not shown), and Kato 3, exhibit homozygous deletions that do not
include FHIT exons. Other cell lines have retained all or most tested
markers (Colo320, RC49, DT36, LNCaP, HOS). The meaning of
apparent loss of a single locus from a total of more than 50 tested (not
all shown) is not clear. Loss of one locus could be due to polymor-
phism; therefore, we do not necessarily consider it a DNA lesion

unless we find at least two contiguous markers absent. Note that Siha
was missing a contiguous marker in intron 4 (not shown). It is possible
that the deletion in Siha is near the previously described HPV16
integration site (15), which we have determined to be in intron 4. A
striking feature of the types of homozygous deletions observed is their
complexity; e.g., the LS180 and AGS cell lines appear to have lost at
least three separate regions, and other cell lines have lost more than
one region within the FHIT locus, as reported previously (3). Addi-
tionally, in spite of multiple repetitions of primer and template com-
binations, some markers, reproducibly, were very faintly amplified
(note F+ and VF+ in Table 2). These faint products could be due to
homozygous deletion of the indicated locus in most of the cells within
a cell line or to polymorphism in the human genome leading to
mismatches in one or more of the primers.

The observation of multiple separate homozygous deletions within
the FHIT locus in LS180, AGS, and MB436 cell lines prompts
questions concerning their origin. Why should AGS cells have lost the
exon 3 region, retained exon 4, and lost exon 5? Presumably, once
exon 5 was lost and produced a selective advantage, later loss of exon
3 could not produce a further tumor growth advantage, unless there
are multiple gene targets in the region. If exon 3 was lost first and
caused a diminution in translation of the Fhit protein, then later loss
of exon 5 could produce a further advantage by elimination of Fhit.
Another possibility is that the mechanism of breakage at FRA3B
frequently allows muitiple gaps to form on the same chromosome 3p,
which when repaired leave multiple deletions simultaneously.

The observation of faint PCR amplification products (F+) observed
mainly in the 5 end of the FHIT gene in RC49 and DT36, for
example, suggests the possibility that subpopulations of cells in these
cell lines may be missing portions of the FHIT gene, an indication that
some of these cell lines are not clones; i.e., either the tumors were
heterogeneous for FHIT deletions and have remained so during cul-
ture, which would suggest that FHIT alteration may not give a growth
advantage in culture, or the established cells may have been clones at
first but have been sustaining FHIT hits in culture, some of which
have been selected for by in vitro growth.

Alterations of FHIT Exons Detected by Southern Blot Analysis.
The deletions for some of these cell lines have been partially de-
scribed previously (1, 3, 11) but with the availability of sequences
surrounding each of the exons and more extensive intron sequences
(Table 1), we have now tested for presence of each exon and more
intron regions as shown in Table 2. To characterize more fully the
genomic alterations of the FHIT gene, we performed Southern blot
analysis of DNAs from human tumor cell lines. To look for FHIT
gene rearrangements or deletions we used three restriction enzymes
(BamH]1, EcoRV, and Xbal) that do not cut within the cDNA and one
enzyme (HindIII) that cuts only once, at 3 bp from the end of exon 1.
To establish sizes of restriction fragments for individual exons, re-
striction maps of YAC and cosmid clones containing portions of the
FHIT gene were constructed (data not shown) using the same en-
zymes and full-length and partial cDNA probes or exon probes. Our
studies revealed a number of alterations in the cancer lines examined.
BamHI digestion and hybridization to near-full-length cDNA resulted
in a group of fragments of high molecular weight representing exons,
as illustrated in Fig. 1A. Of 13 cancer cell DNAs cleaved with BamHI,
8 showed alterations that apparently corresponded to losses of differ-
ent FHIT exons. The two most commonly observed abnormalities
were absence or reduction of the exon 5 fragment (4 of 13 cell lines,
summarized in Table 3) and absence or diminution of the exon 3 or 4
band (5 of 13 cell lines), the exons that flank the t(3;8) translocation
(see Fig. 1A, Lanes 3-5, 7, and 9). Exon 5 fragment losses seen with
BamHI (Fig. 1A, Lanes 4 and 8) were confirmed by EcoRV cleavage
(see Fig. 1B, Lanes 6 and 7). The AGS cells (Fig. 1A, Lane 7), in
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Table 2 Delineation of FHIT locus homozygous deletions in cancer cells

DNA from cell lines listed across the top of the table served as the template for PCR amplification using oligonucleotide primer pairs (listed on the left with markers ordered from
telomeric to centromeric, top to bottom), for FHIT region microsatellite and STS markers, cosmid human insert ends, and FHIT exons. Results for a subset of the most informative
markers are shown. Similar types of cancer cell lines are grouped together: colon carcinoma cell lines, Colo320, HT29, LS180, and SW480; gastric carcinoma cell lines, AGS and Kato3;
cervical carcinoma cell lines, HeLa and Siha; and RCC cell lines, RC48 and RC49. Other cancer types are represented by single cell lines: HKI, nasopharyngeal carcinoma; MB436,
breast carcinoma; DT36, squamous cell carcinoma of head and neck; and HOS, human osteosarcoma. Partial results of tests for homozygous deletions in some of these cell lines were
reported previously (3). The FHIT exon results are in bold print and positions of important FHIT region landmarks are indicated by the lines between exon 3 and D3S/487 (4(3:8) break),
between sequence-tagged cosmid ends EX4T7 and B4 (HPV 16 integration site), and between exon 5 and B4A cosmid end (a fragile site of the FRA3B region). We have positioned
these landmarks by PCR amplification of cosmid, hybrid, and YAC DNA templates using primer pairs described previously or designed based on published sequences (1, 15, 16). Note
that for cosmids cX3, 2 and 1, orientation is unknown; therefore, the order of these cosmid ends could be reversed, relative to the respective exons. The shaded arcas highlight apparent
homozygous deletions. For HeLa cells, we have tested four DNA preparations; one preparation d to show a h ygous deletion surrounding exon 5, but other preparations
suggested that this depended on the dilution of DNA tested. Therefore, we believe that exons 3 and 4 or nearby markers are present in reduced amount but are not entirely absent in

the HeLa DNAS tested.

Cell line

Marker Colo320 LoVo  HT29 LS180 SwW480 AGS Kato 3

MB436 Hela Siha HKI RC48 RC49 DT36 LNCaP  HOS
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addition to exon 5 loss, showed absence of the exon 4 and exons 6, 7
fragments and three rearranged bands; with HindIll, absence of exon
5, diminution of the exons 3, 7 band, and a rearrangement were
observed (not shown). The RCC cell line RC48 (Fig. 1A, Lane 2)
clearly showed absence of BamHI fragments corresponding to exons
6, 7 and exons 2, 9. Absence of exon 8 and 9 fragments in this cell line
was confirmed by results of Southern blot analysis after cleavage with
the three other enzymes (Fig. 1, B, Lanes 2 and 9, and D, Lane 2).
RC49 DNA cut with EcoRV revealed one additional 2.3-kb fragment
(Fig. 1B, Lane 1), which derives from rearrangement of one allele of
exon 8 as determined using individual exon probes (not shown);
rearrangement was not observed with other enzymes. Cleavage of
DNAs with Xbal resulted in well-separated, high molecular weight
fragments, but fragments for several exons were in the same size
class; for example, exons 2, 6, and 7 all hybridized to 7.7-kb bands
(see summary of exon placement in Fig. 1D) and could not be

resolved as distinct fragments; exons 6 and 7 may actually be con-
tained in one Xbal fragment because they are only separated by 2.5 kb
(determined by interexon PCR, data not shown). Additionally, exons
5 and 8 comigrated at 5.7 kb (Fig. 1D). Thus, with Xbal digestion of
RC48 DNA, it is clear that the 4.8 kb exon 9 band is missing (Fig. 1D,
Lane 2) but absence of exon 8 (observed for RC48 after EcoRV
cleavage; Fig. 1B, Lane 2) is obscured by presence of exon 5.
Densitometric analysis was performed to show the relative intensity
ratio between bands for some cell lines. For example, in Kato 3 DNA
(Fig. 1D, Lane 4), the 7.7-kb band is less intense when compared to
the 5.1-kb exon 1 band (~0.5:1) relative to the 7.7 kb:5.1 kb ratio in
other lanes (~1:1). This change in ratio probably means that one or
more of exons 2, 6, and 7 is missing or reduced in the Kato 3 cell line.
The conclusions we have drawn from the Southern blot analysis are
summarized in Table 3 for all the cell lines.

The BamHI and Xbal digestions revealed a possible polymorphism
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Fig. 1. Southern blot analysis of the FHIT gene in hurnan tumor cell lines. Hybridization of FHIT cDNA probes to enzyme-cleaved DNAs from human cell lines. A, BamHI-digested
DNA (5 ug/lane) from RC49 (Lane 1), RC48 (Lane 2), Colo320 (Lane 3), LoVo (Lane 4), HeLa (Lane 5), DT36 (Lane 6), AGS (Lane 7), HK1 (Lane 8), LNCaP (Lane 9), and A549
(Lane 10). B, Lanes 1-7, EcoRV cleaved DNA from RC49, RC48, TL9542, HeLa, DT36, LoVo, and HK1; Lanes 8-10, HindIll cleaved RC49, RC48, DT36 DNAs. C, Hybridization
with a cDNA probe containing exons 1-4 of the FHIT gene to BamHlI-cleaved DNAs from cell lines Colo320 (Lane 1), 9944 (Lane 2), RC48 (Lane 3), and Hel.a (Lane 4). D,
Xbal-digested DNAs from RC49 (Lane 1), RC48 (Lane 2), Colo320 (Lane 3), Kato 3 (Lane 4), TL9542 (Lane 5), Siha (6), HeLa (Lane 7), DT36 (Lane 8), K562 (Lane 9), and A549
(Lane 10). The membranes shown in A, B, and D were hybridized to a FHIT probe containing exons 1-9. The sizes of specific restriction enzyme fragments are shown beside each
panel, and exons contained in specific restriction fragments are indicated. ps, pseudogene of exons 1-3, which exhibits polymorphisms, as shown with BamHI and Xbal.

detected by hybridization to the near-full-length FHIT cDNA (Fig.
1A, Lane 6 shows both alleles; Lane 10, the upper allele only over-
lapping the exon 3 fragment; Lanes 1-5 and 7-9, the lower allele only;
in Fig. 1D, the polymorphic Xbal fragments do not overlap the FHIT
exon fragments so the alleles are seen more clearly). The polymorphic
locus was cloned from a genomic library, sequenced, and identified as
a pseudogene of exons 1, 2, and 3 that maps to chromosome region 1p
(data not shown).

It was not always possible to deduce the actual structure of the
FHIT loci remaining in some of the cancer cell lines, even by
combining the results of the PCR analysis for homozygous deletion
(Table 2) with the Southern blot results. For RC48, the BamHI
digestion (Fig. 1A, Lane 2) originally suggested that exons 6 and 7
might be homozygously deleted and probably exon 9 as well. How-
ever, the EcoRV digestion indicated that exon 8 and 9 were missing
(Fig. 1B, Lane 2). The HindIlI digestion showed absence of the exon
9 fragment, whereas near the exon 8 fragment position there was a
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faint band of the size of exon 8 and an apparent rearranged band above
(Fig. 1B, Lane 9). The Xbal digestion of RC48 (Fig. 1D, Lane 2)
revealed the absence of the exon 9 fragment and a relatively fainter
exon 5/8 fragment relative to the exon 1 fragment. Combining these
results with the PCR amplification results in Table 2, the best inter-
pretation is that the homozygous deletion begins in intron 7, includes
the normally occurring BamHI site flanking exon 7, and extends past
exon 10; thus, the exon 6/7 BamHI fragment is now smaller and
appears to be the same size as the exon 8 fragment. The rearranged
Hindlll fragment (Fig. 1B, Lane 9) may represent a rearranged exon
7. The Kato 3 cell line is another interesting example, for which PCR
amplification of FHIT locus markers (Table 2) indicated homozygous
deletion of a telomeric portion of intron 5. The Southern analysis
indicated relatively fainter Xbal 7.7-kb fragments representing exons
2, 6, and 7, suggesting that some cells in the Kato 3 population were
probably missing exon 6 or 7 and showing that the Kato 3 population
is heterogenous; exon 6 and 7 are clearly present, as illustrated by the
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Table 3 Summary of characterization of the FHIT gene in cancer-derived cell lines

Southern blot analysis with cDNA and exon probes

Exon SSCP

Cell line Origin RT-PCR  or PCR  BamHI EcoRV Xbal Hind I Protein
293 Kidney N* N N NT NT NT +++
RC49 RCC N N N Rearranged e8 N N +
RC48® RCC - —e8,9,10 —e6,7,9 bands —e8,9 bands —e8,9 bands —¢8.9 bands -
Colo320 Colon ca N N e4 band reduced e4 band reduced e3,4 bands reduced NT +
LoVo® Colon ca ab —e5 ~e4.5 bands —e5 band NT NT NT
Kato 3* Gastric ca ab N N N €2,6,7 band reduced NT -
AGS® Gastric ca ab —e3.5 —e4,5,6,7 bands, rearranged bands NT NT —e$ band, rearranged bands —
Hela Cervical ca N.,ab N e3,4 bands reduced ¢3,4 bands reduced 3,4 bands reduced NT +
Siha® Cervical ca ab NT €5 band reduced NT NT ¢5 band reduced -
DT36 HNSCC ab faint ¢2 N N N N -V
U2020 SCLC N N N N NT NT ++
HKI® NPC - —e5 —e5 band ~e5 band NT NT -
LNCaP Prostate ca N.ab NT €3 band reduced NT NT NT +
HOS Osteosarcoma N,ab faint €3 N ¢7 band reduced NT NT NT
9944, 9542° T lymphoblastoid N N N N N NT ND

“ N, normal; ab, aberrant; ¢, exon; NT, not tested; ND, not detected; ca, carcinoma; —, minus; NPC, nasopharyngeal carcinoma.
b Cell lines with homozygous deletions in the FHIT locus; note that in cancer cell lines with homozygous deletions Fhit expression was not detected.
€ 9944 and 9542 are lymphoblastoid cell lines established from lymphocytes of two individuals carrying the RCC-associated t(3;8)(p14.2;g24) chromosome translocation. 293 is

an adeno 5 T-antigen transformed kidney cell line.

PCR amplification (Table 2) and other Southern blots (not shown).
Other indications of heterogeneity in these cancer cell lines are that
HeLa cells show nearly absent exon 3 and 4 fragments (Fig. 1, A, Lane
5, B, Lane 4, C, Lane 4, and D, Lane 7) but exons 3 and 4 are
amplified from HeLa DNA (Table 2); LoVo cells are missing the
BamHI exon 4 band (Fig. 1A, Lane 4); and LNCaP exhibits absence
of the exon 3 band (Fig. 1A, Lane 9), but these exons are present in
both by PCR amplification. Some of the apparent absences may be
due to undetected rearrangements or polymorphisms. Because of this
complexity, it is not always possible to say what the genomic alter-
ation is, even with both PCR amplification and Southern results. For
example, HeLa cells must be a mixed population, with most cells
missing exons 3 and 4 but some cells retaining these exons. This
suggestion of lack of clonality of HeLa cells is surprising, although
the HeLa DNA we used was not from a specific HeLa cell clone.
Clearly, cell lines can be heterogenous for FHIT deletions (18), even
at very early passage, showing that the tumors are heterogenous. This
tumor heterogeneity is the likely explanation for presence of normal
and abnormal FHIT RT-PCR products in individual tumors and cell
lines, but the meaning of this heterogeneity is not clear. It is possible
that some heterogeneity is introduced into the cell lines by the original
tumor heterogeneity, but it is also possible that breaks in the FRA3B
occur during tissue culture passage. However, we have no reason thus
far to suppose that FHIT deletion imparts an in vitro growth advan-
tage. Thus, complete understanding of the genomic rearrangements
and deletions will probably require subcloning of the cells of certain
cell lines and much more detailed molecular analyses. Nevertheless,
our analysis thus far has uncovered some genomic alterations in the
FHIT locus in most of the cell lines selected for examination.

SSCP and RT-PCR Analyses. The forward and reverse primer
pairs for exons were also used to amplify each FHIT exon, with
various lengths of flanking intron sequences, from 26 cancer-derived
cell lines. Labeled amplified products were separated on polyacryl-
amide gels, autoradiographed, and analyzed for occurrence of variant
bands. Variant bands, i.e., SSCPs, were cut from the gels, reamplified,
purified, and sequenced. Examples are shown in Fig. 2 and results are
summarized in Table 4. Lymphocyte DNAs from 47 donors were
simultaneously analyzed for all FHIT exons to identify apparent
common and rare polymorphisms. If a tumor cell line showed a
polymorphic sequence not seen in any other cell, it was considered a
variant; types of variants and polymorphisms observed are listed in
Table 4.

Cell lines for which all exons were studied are as follows: lung

carcinomas, U2020, U1285, H69, and AS549; colon carcinomas,
Colo320, LoVo, HT29, LS180, and SW480; gastric carcinomas, Kato
3, RF48, and AGS; nasopharyngeal carcinomas, HK1, CNEI, and
CNE2; cervical carcinoma, HeLa; breast carcinoma, MDA-MB-436;
prostate carcinoma, LNCaP; HNSCC, DT36; RCCs, RC48, RC17,
and RC49; ACHN, RC8; pre-B cell leukemia, 697; ovarian carci-
noma, CAOV3; and transformed kidney cell line, 293. In addition,
DNA from lymphocytes of a t(3;8) carrier was tested. Only results for
cell lines for which loss, reduction, polymorphism, or variation was
found for at least one exon are included in Table 4. Most of the
polymorphisms and variants were sequenced. The findings summa-
rized in Table 4 show that there is a reasonable frequency of poly-
morphism detected for exons 7, 8, and 10 and a few for exon 4. The
polymorphisms are found mostly in introns, with a few silent changes
in the protein-coding region. PCR-SSCP also confirmed previous
PCR results that had suggested absent or nearly absent exons, as for
RC48 exons 8 ~10. The absence of missense, nonsense, and frameshift
mutations in the FHIT alleles and exons remaining in the tumor cells
is consistent with the suggestion that deletions and rearrangements
affecting the FHIT/FRA3B locus may occur at a higher frequency than
mutations and will thus be the likely mechanism of inactivation of the
FHIT gene or other possible genes in the FRA3B region.

Other notable results of the PCR-SSCP analysis are as follows:
exon 2 was poorly amplified from the DT36 HNSCC cell line (Fig. 2,
Lane 8), in agreement with the results of PCR amplification experi-
ments summarized in Table 2; in addition, exons 2 and 3 were not
robustly amplified from RCC cell lines RC48 and RC49 (Fig. 2, Lanes
1 and 2) in the SSCP analysis, in agreement with the faint or very faint
amplification of the exon 2 region (for RC48) and exon 3 (for RC49)
observed by PCR amplification and agarose gel analysis (Table 2);
exon 5 was absent from LoVo cells (Fig. 2, Lane 7) as shown by
Southern blot experiments; both exons 5 and 6 for Kato 3 (Fig. 2,
Lane 4) were less strongly amplified than other Kato 3 exons, in
agreement with the suggestion from Southern analysis described
above that exon 6 may be missing in a subpopulation of Kato 3 cells
(or exon 6 may be missing from one FHIT allele in most or all of Kato
3 cells; possibly the same is true of exon 5 on the other allele); exons
8, 9, and 10 are not amplified from RC48 (Fig. 2, Lane I) in
agreement with results of Southern analysis.

We had previously briefly described RNA expression of the FHIT
gene in some of these cancer cell lines (1); because steady state levels
of FHIT RNA are low, FHIT expression in cancer cells has mainly
been analyzed by nested RT-PCR amplification reactions (1, 4, 6, 18).
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123456789

123456789

exon 2

exon 6

exon 3

Fig. 2. SSCP analysis of FHIT exons. Exons were am-

exon 7

plified using the flanking intron primers shown in Table 1,
and the labeled amplification products were separated on

nondenaturing PAGE gels at room temperature. The gels
were dried and autoradio as shown for exons 2-10
for cell lines RC48 (Lane 1), RC49 (Lane 2), Hela (Lane
3). Kato 3 (Lane 4), 697 (a human pre-B cell leukemia;
Lane 5), 9944 (a lymphoblastoid line from a t(3;8) carrier;
Lane 6), LoVo (Lane 7), DT36 (Lane 8), and DNA from a
YAC clone containing the relevant region of the FHIT locus
(Lane 9). Note that the RC48 DNA (Lane 1) is missing

exon 4

L e

exon 8

exons 8,9, and 10. Although exons 2 and 3 are not intensely

labeled for RC48, all of these results have been reproduced
at least three times; note also that LoVo is missing exon 5
and that DT36 is very faint for exon 2.

exon 5

exon 9

Results of the RT-PCR amplification for a number of cancer cell lines
are shown in Fig. 3.

Others have suggested (7), and we and our colleagues have noted,
that such nested-PCR amplification reactions are occasionally suscep-
tible to apparent artifacts. Examples are: (a) sometimes the RT-PCR
products from lymphocytes of apparently normal donors show ampli-
fication of normal and aberrant sized products; this seems to occur
when the amount of the beginning RNA is very low and/or of
questionable quality; (b) when RT products from cell lines that exhibit

exon 10

both normal and aberrantly sized products are amplified in three or
four separate experiments, the aberrant bands may not be of identical
size in every experiment; and (¢) RT-PCR products from cells exhib-
iting only aberrant products may not be identical from one experiment
to another, but cells with only aberrant bands consistently give only
aberrant bands. Some examples of products of nested RT-PCR am-
plification from RNA of relevant cancer cell lines are shown in Fig.
3. Our interpretation of the aberrant bands currently is that they are an
indication of a DNA lesion in the FHIT locus. In cases for which we

Table 4 Summary of SSCPs in cancer cell lines

Source of DNAs
Exon Lymphocytes (47 individuals) Cancer cell lines (26 lines)
1 No variants No variants
2 Rare polymorphism, 97 bp into intron 2, G — T; present in two cases, Missing or faintly positive in DT36
both heterozygotes
3 No variants Missing in AGS; very faint in U1285 and HT29
4 Six cases heterozygous for allcles A and C (C not sequenced); two cases A549 homozygous for C; Hela homozygous for allele B (T — A, 16 bases
heterozygous for alleles A and V (where V is different for the two; one V into intron 4); ACHN, A, B heterozygote; CNE2, very faint product
defined as —41 bp G — A); one case heterozygous for alleles A and B
5 No variants Missing in LoVo, HT29, LS180, SW480, MDA-MB436, HK1, AGS;
very faint in CNE2
6 Three A, B heterozygotes; B not defined No variants
7 Nine A, B heterozygotes; two B homozygotes; B allele is C264T, a silent One A, B (Hela); two B homozygotes (U2020 and SW480); AGS, V allele
change (T252C, silent)
8 Twelve A, B heterozygotes, three B homozygotes; B allele is T294C, silent Missing in RC48; two B homozygotes (HK1 and RC17)
9 Two A, B heterozygotes, two B homozygotes; B is T — A 17 bp upstream Missing in RC48; four B homozygotes (DT36, CNE1, CNE2, LoVo);
of ¢8 one A, B heterozygote
10 Seven A, B heterozygotes, two B homozygotes; B is defined as a deleted C Missing in RC48; four A, B heterozygotes (Kato 3, Colo320, LS180, 697), one

in run of seven C's at 870 bp

B (DT36)
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Fig. 3. RT-PCR analysis of FHIT expression. RNAs were reverse transcribed using a
polydeoxythymidylic acid primer and amplified using outer primers (primers UR4 and 7B
in exons 1 and 10) for 30 cycles. The products of the first amplification were then
amplified using inner primers, URS and O6, in exons 2 and 9. All RT products were also
amplified using primers for B actin to ensure integrity of the template cDNAs (not shown).
After the second amplification round, one-half of the amplified products were run in
agarose-ethidium bromide gel, and the products visualized and photographed. A, nested
RT-PCR products from LS180 (Lane I), Colo320 (Lane 2), CNE1 (Lane 3), CNE2 (Lane
4), HK1 (Lane 5), LoVo (Lane 6), Kato 3 (Lane 7), HeLa (Lane 8), and colon carcinoma
CCL 235 (Lane 9). B, nested RT-PCR products from lymphocytes of four donors (Lanes
1-4), three lung cancer cell lines (Lane 5, H69; Lane 6, U1285; Lane 7, U2020), and
amplification product from a clonal FHIT cDNA.

have been able to examine the FHIT locus in detail, we find a
correlation between deletions within FHIT and absence or aberration
of FHIT RT-PCR products, as summarized in Table 3. We had
suggested previously that aberrant RNAs may code for aberrant
proteins with a dominant negative effect, but we have thus far found
no evidence that the aberrant products are translated (see next sec-
tion).

Because we believe that the aberrant RT-PCR products are, in most
cases, indicators of the existence of an altered FHIT allele in some
fraction of the cells examined, we have considered several reasons for
the differences between our results and those of Thiagalingam et al.
(7), who found, by unnested RT-PCR, a much lower frequency of
aberrant RT-PCR products in colon carcinoma xenografts than we did
by nested RT-PCR in a smaller sample of uncultured colon carcino-
mas. One possibility might be that primary colon tumors are hetero-
geneous for FHIT deletions and the subpopulations with FHIT dele-

tions are not favored during xenograft growth. An explanation that we
currently favor is that the aberrant transcripts are indeed present at a
lower level than the apparent full length transcripts, being occasional
transcripts from grossly altered FHIT alleles, and thus a single round
of amplification may strongly favor amplification of the more prev-
alent transcripts from an uncrippled FHIT allele. In support of this
interpretation is the fact that cancer cells that by Northern blot
analysis look negative for FHIT expression, such as Kato 3, LoVo,
CNE2, and CNE1 (for Northern analysis see Fig. 3 of Ref. 1), show
aberrant RT-PCR products by nested RT-PCR as shown here for Kato
3 (Fig. 3A, Lane 7), LoVo (Fig. 3A, Lane 6), CNE1 (Fig. 3A, Lane 3),
and CNE2 (Fig. 3A, Lane 4), which are very similar to the aberrant
nested RT-PCR products previously observed in uncultured or cul-
tured tumor cells of various cancer types (1, 4—6, 18). Also, obviously
RT-PCR and nested RT-PCR could miss FHIT alleles with alterations
in 5’ or 3' exons, such as the RC48 FHIT alleles missing exons 8, 9,
and 10.

Fig. 3B shows products of nested FHIT RT-PCR from lymphocyte
DNA (Fig. 3B, Lanes 1-4) and some lung cancer cell lines without
aberrant products (Fig. 3B, Lanes 5-7). Although the upper band in
Lane 2 has not been sequenced, it probably represents an insertion of
some intron 4 sequence between exons 4 and 5, a phenomenon we
have observed in amplifications from a number of lymphocyte DNAs.

Analysis of Fhit Protein in Cancer Cell Lines. Rabbit polyclonal
antibody raised against the GST-Fhit fusion protein was used in
immunoblot experiments to detect Fhit protein products in various
cancer cell lines with and without homozygous deletions and/or
aberrant RT-PCR products. Specificity of the antibody was deter-
mined by immunoblot analysis of protein extracted from Cos monkey
kidney cells (Fig. 4B, Lane 9) or Cos cells transiently transfected with
the pCMV-FHIT-Flag construct (Ref. 2; see Fig. 4, A, Lane 1, and B,
Lane 10). Endogenous Fhit is strongly expressed by adenovirus 5
T-antigen-transformed human kidney cells 293 (Fig. 4, A, Lane 4, and
B, Lane 4) and by normal kidney and kidney tumor cells passaged a
few times in tissue culture (Fig. 4B, Lanes 3 and 5). As expected, cell
lines with homozygous deletions of FHIT-coding exons, such as
RC48, Kato 3, and AGS (Fig. 4, A, Lanes 3 and 6, and B, Lane 6) do
not express Fhit protein. Additionally, Siha cells with loss but not
complete absence of exon 5 and homozygous deletion in intron 4

A

KDa 1 2 3 45 6 7 8 9 10 11
V- - - .

14 H

Fig. 4. Expression of Fhit in cancer cell lines. Lysates were prepared from normal and tumor cell lines, proteins were fractionated by PAGE and blotted to membranes, and the Fhit
protein was detected using rabbit GST-Fhit antibody. A, detection of Fhit in lysates of Cos cells transiently transfected with the pPCMV FHIT-Flag construct (Lane 1), RC49 (Lane 2),
RC48 (Lane 3), 293 adenovirus 5 T antigen-transformed human kidney cells (Lane 4), JM human acute leukemia (Lane 5), Kato 3 (Lane 6), U2020 human lung carcinoma with
homozygous deletion in chromosome region 3p12 (Lane 7), DT36 (Lane 8), Siha (Lane 9), HeLa (Lane 10), and Colo320 (Lane 11). Note that the antibody detects faint bands smaller
than the M, 17,000 endogenous Fhit in Lanes 5 and 8, containing protein from the JM leukemia and the DT36 laryngeal SCC. The exogenous Fhit-Flag protein (Lane [) is larger than
endogenous Fhit due to the octapeptide Flag epitope at the COOH terminus. B, demonstrates reproducible levels of expression in the cancer cell lines: DT36 (Lane I; note smaller band),
Colo320 (Lane 2), normal kidney cells at the third subculture (Lane 3), 293 (Lane 4), RCC at the third subculture (Lane 5), AGS (Lane 6), Siha (Lane 7), RC49 (Lane 8), Cos monkey
kidney cells (Lane 9), and Cos/Fhit-Flag (Lane 10). These cell lines have been tested more than three times by Western blot with similar or identical resuits. Additional cells tested
were breast cancer cell lines MDA-MB-231 (Fhit+), HBL100 (Fhit+), MDA-MB-436 (Fhit-); colon carcinoma cell lines RF1 (Fhit+) and RF48 (Fhit+) and GM607 lymphoblastoid

cell line (Fhit++).
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apparently do not express Fhit. Siha cells showed only abnormal FHIT
RT-PCR product, so they may be like Kato 3 cells in having different
deletions on the two FHIT alleles, such that all coding exons are
present but each allele is missing a different coding exon. HeLa cells,
which show near absence of exons 3 and 4, reproducibly show low
expression of Fhit, suggesting that the HeLa aberrant allele, perhaps
missing exons 3 and 4, is not translated; RC49 cells, which retain all
FHIT exons but exhibit a rearranged exon 8 band, also appear to
express a reduced level of Fhit (Fig. 4, B, Lane 8, and A, Lane 2),
relative to the kidney cells in Lanes 3-5 (Fig. 4B). Most interestingly,
the DT36 cell line, for which homozygous deletion within FHIT was
not observed, is apparently negative or nearly negative for Fhit ex-
pression (Fig. 4, A, Lane 8, and B, Lane I), and both lanes show a
suggestion of a lower band, which may react with Fhit antibody, as in
the acute leukemia cell line JM (Fig. 4A, Lane 5). The RT-PCR
product from DT36 cells exhibited a single RT-PCR product with an
insertion of 40 bp between exons 4 and 5, and the JM cells have not
been studied for integrity of the FHIT locus. The DT36 result strongly
suggests that alteration to the 5' untranslated region of FHIT can
affect translation of the protein. The protein data suggest that even
when DNA and RNA alterations of the FHIT locus have not been
observed or the observed alterations are not in the protein-coding
region, the Fhit protein may be absent, reduced, or possibly altered.

The complexity and heterozygosity of the DNA lesions observed
within the FHIT locus by PCR and Southern blot analyses suggest that
the types of alterations (deletions and/or rearrangements) observed in
this locus may be different from deletions described in other potential
tumor suppressor loci, possibly due to the fact that the FHIT gene
encompasses the fragile 3B region. In fact, the two regions of FRA3B
that have already been isolated as flanking sites to an HPV insertion
or hybrid breakpoints (15, 16) occur within introns 4 and 5, respec-
tively, surrounding the frequently deleted exon 5. Additionally, the
AGS cell line, which appears to show a number of discontinuous
homozygous deletions (see Table 2), clearly shows loss of a region
including exon 3 and part of intron 3 encompassing the t(3;8). HeLa
cells are nearly lacking the exon 3 and 4 BamHI fragments, which
flank the t(3:8) break, suggesting alteration to this region in a large
fraction of HeLa cells. The fact that the HeLa cells appear to be
heterogeneous, with some HeLa cells missing exon 3 and/or exon 4
and others retaining these exons, is surprising because HeLa cells
have been in culture for many years and might be expected to be
nearly clonal. For Kato 3 cells there is also a suggestion of heteroge-
neity and/or heterozygosity within the culture because exon 6 may be
missing in some cells, whereas perhaps exon 5 is missing in others;
i.e., there may be two overlapping deletions in Kato 3 such that the
two different FHIT alleles are both missing a common portion of
intron 5, explaining the homozygous deletion, but missing different
portions of the FHIT locus, such that there is no intact FHIT allele in
any subpopulation, explaining the absence of Fhit protein. This type
of heterogeneity was observed by FISH analysis using FHIT exon
probes in early passage cultures of SCCs of the head and neck (18)
and may suggest that absence of the Fhit protein does not necessarily
confer a growth advantage in tissue culture. The fact that alterations
in the FHIT gene have been observed in different regions of the locus,
near exons 3 and 4, in intron 5 and in exons 8, 9, 10 (RC48, RC49)
suggests that the FHIT gene is the target of loss and clonal expansion
because if another single gene was the target, it would need to be
spread over the same genomic region as the FHIT gene. The com-
plexity of DNA lesions observed also suggests that it will be difficult
to find a simple assay to detect the DNA lesions in cancer cell lines
and extremely difficult to define lesions in uncultured tumor cells.
Thus, the validity of the RNA assay is crucial. We have been able to
correlate known DNA lesions with occurrence of aberrant RT-PCR
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products but to do the reverse for every aberrant RT-PCR product
would not be possible. We are thus exploring the possibility of
detecting altered RNAs by RNase protection studies. Alternatively,
detection of the protein in uncultured tumors by immunohistochem-
istry may be the best way to assess the level of involvement of Fhit in
various human cancers.
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