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ABSTRACT

The human F HIT gene Â¡sa putative tumor suppressor gene that maps
to human chromosome band 3pl4.2 in a region that is frequently deleted
in cancers. It exhibits both genomic deletions and aberrant transcripts in
a variety of tumors and spans the common fragile site FRA3B. This fragile
site extends over a broad region of several hundred kb within the /â€¢'///'/'

gene and may account for its instability in tumors. As one test of this
hypothesis, we isolated the murine Fhit gene and asked whether it also
contains a common fragile site and if it is unstable in mouse tumors or
tumor cell lines. The Fhit gene was isolated, and the sequence was found
to be 87.5% identical to that of the human /â€¢'///'/'gene in the open reading

frame. Using fluorescence in situ hybridization, I-hit was assigned to

mouse chromosome band 14A2, in a region that was previously shown to
contain an aphidicolin-inducible mouse fragile site. Fluorescence in situ
hybridization with genomic clones containing l'hit and flanking sequences

demonstrated that gaps and breaks in the fragile site occur over a broad
region within and proximal to the l'hit locus. Thus, the physical relation
ship of Â¡''hitto a common fragile site is similar to that observed with the
orthologous human /â€¢'///'/'gene and FRA3B.

INTRODUCTION

The human FHIT gene was isolated by Ohta et al. (1) based on a
search for genes in a region of chromosome 3 showing homozygous
deletions in gastric tumors. The gene maps to chromosomal band
3pl4.2, within a region that is associated with loss of heterozygosity
and deletions in a variety of tumors, including lung (2). renal (3) and
cervical (4) carcinomas, and is, thus, thought to contain one or more
tumor suppressor genes. The FHIT gene was shown to contain intra-

genic deletions and to express multiple aberrant transcripts in a
number of tumors and tumor cell lines and was suggested to be such
a tumor suppressor gene (1). Support for this hypothesis has come
from transfection experiments to complement the tumor phenotype in
severe combined immunodeficient mice (5) and analysis of FHIT
protein in tumors (6). However, this hypothesis has been the subject
of controversy (reviewed in Ref. 7), in large part because of the nature
of FHIT mutations, the uncertain role of the FHIT gene product in
carcinogenesis, and the presence of a fragile site within the gene.

The FHIT gene is unusual in that it extends over a large region of
~1 Mb yet has a relatively small 1.1-kb transcript. Moreover, it

contains the common fragile site, FRA3B, which extends over several
hundred kb within the FHIT locus. FRA3B and other common fragile
sites have been shown to display a number of characteristics of
unstable and highly recombinogenic DNA in vitro, including gaps and
breaks on metaphase chromosomes (8), frequent chromosomal rear
rangements, and sister chromatid exchanges (9-11), acting as sites for

integration of viral and transfected plasmid DNA (12, 13) and as sites
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of chromosome breakage in gene amplification events in CHO cells
(14). We and others have suggested that the observed instability in the
FHIT gene may be due to the presence of the FRA3B fragile site.

As one test of this hypothesis, we set out to clone the Fhit gene, the
murine Orthologue of FHIT, to determine whether it also contains a
common fragile site and whether it is frequently deleted in mouse
tumors. The answer to these questions could provide novel informa
tion about both the role of fragile sites in FHIT deletions and the FHIT
gene in tumorigenesis. We have cloned the mouse Fhit gene and
found its sequence to be highly similar to that of the human gene.
Further, we have shown that it maps to a region containing a known
mouse aphidicolin-induced fragile site, and the fragile site extends

over a broad region that overlaps the Fhit locus. Thus, the structural
relationship of Fhit to a common fragile site region appears similar in
both human and mouse chromosomes, suggesting that the murine
locus might serve as a model to study the mechanism of instability in
humans. To begin to determine whether the Fhit gene is unstable in
murine tumors, we analyzed both transformed cell lines and primary
urethane-induced lung tumors for the presence of deletions or aberrant

transcripts.

MATERIALS AND METHODS

Isolation of cDNA Clones and Sequencing. A cDNA probe containing
exons 4-10 of the human FHIT gene was used to screen a C57B1/IOJ mouse

muscle cDNA library cloned into Ã€Actll phage vector (kindly provided by Dr.
Jeffrey Chamberlain. University of Michigan. Ann Arbor, MI) using standard
procedures (15). One positive plaque in a total of â€”¿�250,000phage clones was

obtained. After plaque purification, the insert was PCR-amplified using vector

primers, and the insert was sequenced on both strands using an Applied

Biosystems model 373A automated sequencer. Partial exon 1 sequence was
determined from analysis of a genomic subclone from a mouse PI library
(Genome Systems), identified by PCR using primers designed from the cDNA
clone sequence. Confirmation of the entire sequence and the sequence of exon
4 was obtained from analysis of gel-purified RT-PCR1 fragments from normal

mouse intestine and lung tissues using primers designed from exons 1 and 10
of the cDNA sequence. Primers used were: exon IF. 5'-TGAAGCCCAG-
CAAAGAAG-3'; exon IR. 5'-AAGATCTTGGTGGCTGGAATG-3'; and
exon 10R, 5'-CAATGTCGAAGACTCCAGAAG-3'.

Cell Culture and FISH. Nontransformed mouse cell line CIO, derived
from normal alveolar epithelium of a BALB/c mouse (16), and embryonic
fibroblast cell lines FBV/N, from a transgenic FBV Swiss-Webster mouse
strain that carries the neomycin-resistance gene, and BALB/c CL0.7 (ATCC
80-TIB) were used for FISH analyses. Cultured cells were treated for 24-26 h
with 0.3-0.4 /XMaphidicolin (Sigma Chemical Co., St. Louis, MO) prior to

harvesting to induce fragile site expression (8) and harvested according to
standard methods.

Genomic clones for FISH analysis were obtained as follows. Initially,
mouse PI and YAC libraries were screened by PCR using primers to the
human exon 6 sequence that were shown to amplify homologous mouse
sequences from genomic DNA. The positive PI clone mPl and YAC clone
95A6 were isolated and confirmed by Southern hybridization. Exon 1 positive
clone MS39 was obtained by screening a mouse PI library (Genome Systems,

1The abbreviations used are: MMU, Afu.vmitsculus; RT, reverse transcription; FISH,

fluorescence in situ hybridization: YAC. yeast artificial chromosome.
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ISOLATION AND MAPPING OF THE MURINE FMl GENE

St. Louis, MO) with primers designed within exon 1 of the Fhit sequence. lowed by counterstaining with 4',6-diamidino-2-phenylindole (DAPI). Chro-

Additional YACs were obtained by searching the mouse genome databases for mosomes were analyzed with a Zeiss Axioscope epifluorescence microscope,
YACs mapping to this region and from Dr. Kay Huebner (Jefferson University, and images were photographed on Kodak ASA 400 Gold film. Photographic
Philadelphia, PA), who kindly provided Fhit YACs 384C6 and 158E2 and the images were scanned and processed using Adobe Photoshop software and
Ptprg YACs 238H10 and 391C12. YACs were analyzed by PCR for the printed on a Kodak PCD printer.
presence of Fhit exons 1, 5, and 6. Mouse Lung Cell Lines and Primary Tumors. The nontransformed CIO

FISH was performed as described previously (13). In brief, total YAC and and E10 cell lines were derived from normal alveolar epithelium of a BALB/c
PI DNA were labeled with biotin (biotin-14-dATP), preannealed with mouse mouse and originally exhibited features of pulmonary type 2 epithelial cells
Cot-1 DNA (Life Technologies, Inc., Gaithersburg, MD), and hybridized (16). The A5 cell line is a spontaneous in vitro transformant of the CIO cell

overnight to denatured metaphase mouse chromosome spreads. Signals were line, and the E9 cell line is a spontaneous in vitro transformant of the E10 cell
visualized by incubation with two layers of FITC-conjugated avidin-DCS and line. Both A5 and E9 cells contain an activating mutation at the 61st codon of
biotinylated goat antiavidin IgG (Vector Laboratories. Burlingame. Ã‡A),fol- the K-ras gene (17). The LM2 and PCC4 cell lines were both derived from

human CC ..cccgc tctg ...cc .ctgtccggtcacaggac 1111tgccctcegttc.ccgggtccctcaggcggcca .cccagtgggcacac tcccaggcggcg

II UM l II M III! III MIM I I III I I III III I III Illllllll INI I MIMI!
MOOSE TOCaOCOC. '1TOJUCCCTGCTGT........ QQGmYmYmTmTlUÂ»TUVSCICC. .GAG. .CTa^CCCCÃ„GTGGOaCACrXTCÃ„GGCGGCA

ctccggccccgcgctccctccctc.cgcctttcattcccagccgrcaacatcccggaagctctgaagctcaggaaagaagagaaatccaccgagaacagc
un i un min imi mimmi imi m m minimum m mini minmmiii m

ctgtaaaggtccgcagtgc tatctacatccagacggtggaagggagagaaagagaaagaaggta tcctaggaatacc tgc .ctgcttagaccc tctacaa

i i im n m m min i i i i M m n
CAGGAAAG..................................................... GTOÅ“CTGGGACAACCTGCTC.GGTOCA.CATCTGCAA

. aagctctgtgcatcecgccactgaggactccgaagaggragcagtcttctgaaagacttcaactgtgagga . catgccgttcagatt tggccaacaccc
n m i mi n miniili n mi i m unni n mm n mnnnminn

GAA.CTC. .TCCATCITG.CACTGAGGAC.CCCAAGGAG.................. fmTALTUllJA .GACCATgnairnCATITGGCCAACATCT
MSFRFGQHL 9 aa

catcaagccctctgtagtgtttctcaaaacagaactgtccttcgctcttgtgaataggaaacctgtggtaccaggacatgtccttgrgtgcccgctgcgg
minimum n mumm nnnnnnn n Â¡immillili n um n ninni miniimi n
IKPSyVFLKTELSFALVSRXPVVPGHVLVCPLR 42 aa

. H.R . . . T . . . .H
ccagtggagcgcttccatgacctgcgtcctgacgaagtggccgacttgtttc.agacgacccagagagtcgggacagtggtggaaaaacacttccatggg
nm minim min i mninnminmnmn n Â¡mummnnnnnnn n ninni m

.T
P7ERFRDLHPDEVÃ€DLFQV TQRVGTVVSKHFQG 75 aa

L . . . . . . . H

acÃ©tete.ecacctt tcccatgcaggatggccccgaagccggacagactgtgaagcacgttcacgtccatgt tcttcccaggaaggctggagact ttcac

mn i mini ninni ninnimi u immillili n n nm nnnninmm n mn i i
ACCTC. CATC^Vl'lVWJCATCCAAGAlXJUiCCrcAAGCra

TS ITFSMQDGPEAGQTVKHVHVHVLPRKAGDFP 108 aa

S . E . K . . F .S
aggaatgacagcatctatgaggagctccagaaacatgac ---- aag. .gaggactttcctgcctcttggagatcagaggaggaaatggcagcagaagccg

111111111minili inninmmmi in mini u im nimm m im um im n n
RNDNIYDBLQKHDREEEDSPAFWRSEKEMAAE A 141

ca.gctctgcgggtctactttcag. . .tga ............................ acagatg ....... tttttc. . . agatcct . ga . attccagc

i iiiiimiiiimiiiiii m i m n m u n i n m n
i^Tri<JAGCXrTGAG^ TL-ITOJACATT. . .GC

EALRVYFQA Stop 150 aa

caaaag.agctactgccaaccagt:. ttga.ag.accgcc ---- cccc . e . gcctctccccaagaggaactgaatcagcat ..... gaaaatgc ---- agt

m i mi nm i n i i m n mi imi i m i nm n mi m n m
GAAATCMGCT ...... AACCAL'iVl'i'IAi'lUiaCC . CeaCGACCCCaCaGCCT .TgiaCAA. A. GAflCnTAT. TGCATGTgrGGAA. . .GCCACTAGT

.Ct. . . ctt . catctcaccac . .e. .et. .g. ta. . ttcttcaaccagtg . .at. . .e. .cc. . ccacctcggtcactccaactcc . . . .cttaaaatac

n m n mi ni i i n m m nm n i n im n n m MI mi n
ATEATGCTTCCA..TCACGAIGACAAATftGOCnUjL'l'l'C. CCAAACAGITCaTTiacaiCTKX.'CAC. .CCTTC.CTC. .AGITCTrjrRCTTAGAA.. .

ctagacctaaacggctcagacaggcagatttgaggtttcc . ccctgtctccttattcggcagcct . tacg . . attaaact . . cccttc tctgct 1077 nt
m m n nm. nm m i mn m i mi i i mi

.TAG. . .TRA.............. CA......... TTTCCAAACTGTC. CCT...... G.AOTIAGATGAAAATAAACTQGT....... TGCT 1028 nt

Fig. 1. Sequence of the mouse Fhit transcript compared to that of the human FHIT gene. Human nucleotide sequence is shown above the mouse sequence. The mouse translation
is shown below the nucleotide sequence, and amino acid differences are indicated above the human codon sequence. The murine sequence shown lacks homology to human exon 3.
Sequences were aligned using the Bestfit program of the Wisconsin Package Version 9.1 (GCG, Madison, WI).
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ISOLATION AND MAPPING OF THE MURINE Fhit GENE

Table 1 FISH Â¿latafor individual YAC and PI clones relative to aphidicolin-inditced Raps und breaks ai MMU Frtil4A2

The numbers of cells with FISH signal observed proximal lo. distal to. or crossing the fragile site are shown.

FBVMEF"ProximalDistalCrossingBALB/c

CIOProximalDistalCrossingBALB/c

MEFProximalDistalCrossing238HIO

Plprg11001100391C12P'prg90n8(I211011MS39P1exon112002(100130158E2exon18223130160138F12exons 5 and651020IS00180mPl
95 A6 384C6

exon 6 exon 6 exon60

1414
623000700140

' MEF. mouse embryonic fibroblasts.

urethane-induced mouse lung tumors, and both contain similar activating
K-ras mutations at the 61st codon (16). The B3 cell line is derived from

urethane-induced BALB/c mouse lung tumors, and 82-132 is a transformed
cell line derived from Swiss-Webster strain mouse lung adenocarcinoma. NIH

3T3 cells were obtained from the American Type Culture Collection.
A/J or C57BI.6 female inbred mice were obtained from The Jackson

Laboratory (Bar Harbor. ME). Urethane-induced lung tumors were produced

in A/J mice as described previously (18). Small adenomas (<1 mm in diam
eter) were dissected free from adjacent tissue and pooled and were designated
FT. Individual lung adenomas (0.2 mm), designated T. were collected. Non-
treated C57BL6 mouse lung, tumors, and all tissues were quick-frozen in
liquid nitrogen and placed at -70Â°C for later DNA isolation.

Southern blot analysis was performed using 10 jug of DNA digested to
completion with either Sstl or Hindlll (Promega, Madison, WI), separated in
0.9% agarose gels containing ethidium bromide and transferred to Gene Screen
Plus nylon membranes (NEN, Wilmington. DE) using a VacuGene transfer
apparatus (Pharmacia. LKB. Bromma, Sweden). WmdIII-restricted Ã€phage
DNA were used as size markers. Probes were labeled with [12P]dCTP by the

random primer labeling method (Life Technologies, Inc.), and unincorporated
[12P]dCTP was removed using Sephadex G-50 size-exclusion chromatogra-

phy. Membranes were hybridized with 1.0 X IO6 cpm/ml heat-denatured,
12P-labeled probe for 16 h in a 48Â°Cshaking water bath. Membranes were
washed according to the manufacturer's recommendations, and autoradio-

grams were prepared (Hyperfilm-MP; Amersham. Arlington Heights. IL).

Autoradiographic signals were analyzed by scanning laser densitometry
(Molecular Dynamics, Sunnyvale. CA).

For RT-PCR analysis of Flut transcripts. 5 yj.g of total RNA were reverse-
transcribed in a 20-fj.l final volume, using Superscript II Reverse Transcriptase
(Life Technologies) according to the manufacturer's specifications. Three fi\

of the RT reaction were used in one round of PCR with 1x Taq buffer (Life
Technologies), 1.5 mM MgCl,, 0.2 mM dNTPs. 20 pmol each of forward and
reverse primers from either primer set A or B, and 2.5 units of Taq DNA
polymerase (Life Technologies). PCR amplification was for 30 cycles at 94Â°C
for a min, 58Â°Cfor 1 min. and 72Â°Cfor 2 min with an initial one-cycle
denaturation at 94Â°Cfor 1 min and a final elongation cycle at 72Â°Cfor 10 min.

Under the same PCR conditions, a second round of PCR was performed using
nested primer set B and 0.5 /al of first-round PCR product from primer set A
as template (primer set A, 5'-TTCATTCCAGCCACCAAG-3' and 5'-

GGTCGTGGGGTACAATAAAG-3'; primer set B, 5'-TGAAGCCCAG-
CAAAGAAG-3' and 5'-CAATGTCGAAGACTCCAGAAG-3').

RESULTS

cDNA Isolation and Sequence of the Fhit Gene. We isolated a
nearly full-length Fhit cDNA clone and sequenced the gene using
several approaches. Screening of ~2 X IO5 plaques from a mouse

muscle cDNA library yielded a single positive 969-bp cDNA clone.

Comparison of sequence of this clone to the human FHIT sequence
(1) revealed large gaps corresponding to exons 3, 4, and the beginning
of exon 1. Nucleotides 1-68 of the Fhit sequence, which correspond
to nucleotides 1-73 of the human FHIT sequence, were determined

from sequence from a genomic PI clone. Exon 4 sequence was
obtained from RT-PCR of mouse FHIT transcripts from normal

mouse lung and intestine cell lines.
The composite 1028-bp Fhit sequence obtained in our analysis is

shown in Fig. 1, where it is compared to the human FHIT cDNA
sequence. The actual start of transcription has not been verified in
either human or mouse by primer extension or RNase protection
analyses but is based on results of 5' rapid amplification of cDNA

ends ( 1). The major form of the transcript closely matched the human
transcript but lacked exon 3. An alternative minor splice form lacking
exons 3 and 4 was also determined by sequencing RT-PCR products.

Overall, the Fhit cDNA sequence is 68% identical to the human
sequence and 87.5% identical in the open reading frame. The pre
dicted protein sequence is 91 % identical and 94% similar to that of the
human protein. The sequence has been submitted to GenBank data
base (accession no. AF055573).

FISH. Prior to the identification of a Fhit cDNA clone, PCR
primers designed to human FHIT exon 6 were found to also amplify
the mouse orthologue. thus allowing identification of the initial mouse
genomic clones mPl and YAC 95A6 used in FISH analysis. Both
clones were subsequently found to contain only exon 6 of the mouse
Fhit gene. Using FISH, these clones were localized to MMU chro-

Fig. 2. Map of the mouse genomic region cor
responding to clones used in FISH analysis. Fhit
exons shown were confirmed to be present in the
clones by PCR. STS content is from the Mouse
Genome Informatics databases (The Jackson Labo
ratory). Location of STS loci are arbitrarily placed
with regard to Fhil exons.

DHMit DHMit
exon 1 ,32.2 229 enon 5 enon 6

384C6

95A6 -nâ€”
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ISOLATION AND MAPPING OF THE MURINE Fhit GENE

Fig. 3. Examples of FISH of YAC clones to cells expressing the murine 14A2 fragile site, FraI4A2. a, c, e, and g. FITC FISH images, b, d,f, and h, 4'.6-diamidino-2-phenylindole-
stained images of the same chromosomes to better demonstrate fragile sites (amm-s). a and b, YAC 391C12 hybridizing proximal to Fral4A2 in FBV cells, r and d, YAC 138F12

distal to Fral4A2 in BALB/c cells, e and/, 391C12 crossing Fral4A2 in BALB/c cells, g and h. 158E2 crossing Fral4A2 in FBV cells. Righi, ideogram of mouse chromosome 14
showing the location of Fral4A2 and the location of hybridization of the Fhit- and Prprg-positive YACs.

mosome band 14A2. This band has previously been shown to contain
an aphidicolin-induced fragile site (19) and to show homology to the

human 3pl4 region (20). FISH analysis of mouse FBV cells treated
with aphidicolin to induce fragile site expression showed the clones to
map immediately distal to and, perhaps, crossing the fragile site. This
finding prompted the isolation of the entire murine Fhit cDNA and
additional genomic clones for fragile site FISH analysis. A summary
of FISH results on the three nontransformed cell lines used in the
study is shown in Table 1, and a map of genomic region and YACs
used is shown in Fig. 2. Approximately 50 cells were scored for each
YAC hybridization. Hybridization efficiency was >90% in all exper
iments. MMU 14 has previously been shown to contain three fragile
sites in bands A2, Bl, and E5 (19), and all were observed and easily
discernible.

FISH results differed somewhat for the two mouse strains (Fig. 3).

Ex 1-10
Hlndlll

Ex 1-10
SSTI

Ex 5-6

Ex1

CMLKR1

. . i .. -7.2

-2.9

-6.3

-2.5

-5.6

-3.3

-9.0

-6.0

Kb

Fig. 4. Southern blot analysis of mouse transformed cell lines (Â£9.AS. PCC4. LM2. B3.
and 82-132) and urethane-induced primary lung tumors (PT, T-B through T-F). Normal

tissues included nontransformed lung cell lines (CIO and EIO), NIH 3T3 (3T3) cells, and
normal C57 (C57) mouse lung. First panel from top, Hindlll digested DNA hybridized
with the complete muscle library cDNA clone. Second panel, Sstl digest hybridized with
the same cDNA probe. Third, fourth, and fifth panels, the Ssl\ digest membrane was
stripped and probed sequentially with a probe specific to exons 5 and 6. exon 1. and the
CMLKRI gene (34).

With FVB cells, YACs 158E2 and 138F12, which contain FHIT exon
1 and exons 5 and 6, respectively, cross the 14A2 fragile site
(Fral4A2) in some cells. As with the analysis of the FRA3B site using
cosmid probes, the Fral4A2 genomic clones were found to map
proximal to, distal to, or crossing Fral4A2, indicating that gaps and
breaks occur over a very large region. It is not clear why the exon 1
PI clone always mapped distal to the fragile site, whereas the more
distal YAC 138F12 was sometimes crossing or proximal to the fragile
site breaks. This could relate to complex chromosome folding in the
region. For the BALB/c cell lines, YACs containing the Ptprg gene,
as well as YACs containing the proximal Fhit locus, cross the fragile
site in some cells. Thus, taken together, the results show that the
Fral4A2 fragile site spans a very large region containing the proximal
Fhit locus and, in at least the BALB/c cell lines, extending proximally.

Analysis of the I-hit Gene in Murine Tumors and Tumor Cell

Lines. Southern blot analysis was used to analyze both transformed
lung cells and primary urethane-induced tumors for Fhit genomic

alterations. Densitometry revealed no detectable deletions following
hybridization with either the complete muscle library cDNA clone,
exon 1, or a probe containing exons 5 and 6 (Fig. 4). RT-PCR results

of one primary tumor (6F) and four of the tumor cell lines (A5, LM2,
PCC4, and E9) demonstrated major PCR products of 650 and 600 bp,
also found in normal control tissues and nontransformed cell line CIO
(Fig. 5). Sequence analysis of these bands showed that they contained
the major form of Fhit lacking exon 3 and the less abundant isoform
missing exons 3 and 4. The prominent lower molecular weight bands
most readily observed in samples from LM2, A5, and E9 tumor cell
lines were sequenced and found not to contain known Fhit sequence.
They are thus interpreted as PCR artifacts. Following a second round
of PCR using nested primers from exons 1 and 10 (not shown), no
lower molecular weight bands were observed.

DISCUSSION

The murine Fhit gene is highly similar to the human FHIT gene,
with 91% predicted amino acid identity and 87.5% nucleotide identity
in the open reading frame. The major mouse transcript is missing exon
3 of the human sequence. A second splice form missing both exons 3
and 4 was also observed. Although we did not identify a splice form
containing an exon comparable to human FHIT exon 3, this was
observed by Pekarsky et al. (21) as a minor transcript. The size of the
FHIT locus was not rigorously defined. However, like its human
orthologue, it appears to cover a large genomic region, as determined
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ISOLATION AND MAPPING OF THE MURINE Fhit GENE

Fig. 5. First-round RT-PCR results from normal

(/V) mouse lung and intestine, nontrans formed CIO
lung cell line, primary tumor (OF), and four tumor
cell lines (Â¿5,LA/2, PCC4, and E9) using primers
from Fhit exons I and 10.

â€”¿�700
â€”¿�600
â€”¿�500
â€”¿�400

by the map of Ptprg- and F/i/Ã-positive YAC clones used in FISH

analysis.
Two unusual features of the human FHIT gene are that it spans an

aphidicolin-induced common fragile site, FRA3B, and that it fre

quently shows multiple discontinuous deletions and aberrant tran
scripts in a variety of tumors and cell lines (1, 22-27). The fragile site

has been suggested as a cause of the deletions. Although this does not
negate the tumor suppressor hypothesis for the FHIT gene, it offers a
possible mechanism for the unusual instability at the locus. One
approach to address both the role of the fragile site in FHIT deletions
and the significance of the deletions in tumors is a comparative
analysis of the murine Fhit gene. Four informative outcomes were
possible from these studies: (a) the Fhit gene contains a fragile site
and is frequently deleted in tumors; (b) Fhit contains a fragile site and
is not deleted in tumors; (c) Fhit does not contain a fragile site and is
frequently deleted in tumors; and (d) Fhit does not contain a fragile
site and is not deleted in tumors.

Our FISH analyses show that the mouse FHIT gene, like its human
orthologue, localizes to a common fragile site region, 1 of â€”¿�20such
sites identified on the MMU chromosome map (19). In Swiss-
Webster-derived FVB cells, the fragile site gaps and breaks were seen
within the FHIT locus. In the BALB/c-derived cell lines, fragile site

gaps and breaks were observed both within and proximal to the FHIT
locus, including within a region defined by two Ptprg-posilive YAC

clones. This suggests that strain differences may exist in the size of the
fragile site region. In both strains, however, the fragile site region
must be very large, given that individual YAC clones map proximal
to, distal to, and crossing the fragile site in different cells from the
same culture. This type of result was previously observed with phage
and cosmid clones mapping to the human FRA3B fragile site, which
spans several hundred kb (13, 28, 29), but was not observed with
larger YAC clones. Thus, although both the human and mouse FHIT
genes are associated with fragile site regions, there are notable dif
ferences. The mouse Fral4A2 fragile site region appears to be con
siderably larger than FRA3B and does not appear to center around
FHIT exons 4 and 5, as does FRA3B. Additional studies with cosmids
or other small genomic clones spanning this large region may be
necessary to completely resolve the exact limits of the fragile site on
the cytogenetic level. In addition, gaps and breaks at the Fral4A2
fragile site are also less frequently induced than are those at FRA3B,
the most frequently observed human fragile site.

We did not observe abundant Fhit deletions in six primary lung
adenomas or six transformed mouse tumor cell lines by Southern
analysis, or in five of these specimens by RT-PCR. This would

suggest that, if the fragile site predisposes to Fhit deletions or altered
transcripts in tumors, it is not as frequent an event as it is in many
human tumors or cell lines, including lung tumors (22, 30). However,
Pekarsky et al. (21) have found, using RT-PCR. that 40% (12 of 30)

of urethane-induced lung adenomas produced Fhit aberrant transcripts

in their studies, and two tumor cell lines were shown to have deletions
by Southern analysis. Although the reason for this difference is not
known, it may relate to sample size. It is also possible that low
abundance or rare aberrant transcripts were missed in our analyses.

Our results show that mouse band 14A2 contains a region homol
ogous to human chromosome band 3pl4.2 that contains the Fhit and
Ptprg loci and a common fragile site. Taken together, the results of
our studies and those of Pekarsky et al. (21) suggest that the mouse
Fhit gene and the Fral4A2 fragile site could provide a murine model
for the investigation of instability seen in the human FHIT gene and
at FRA3B in human cancer cells. Because the mechanism of insta
bility at common fragile sites is not clearly understood, we cannot
presently determine whether the human and mouse fragile sites are
identical or share a conserved molecular structure. If conserved, this
would strongly suggest a functional significance of the fragile sites,
for example, one that may be linked to transcription of associated
genes.

Common fragile sites have now been identified in many mamma
lian species (19, 31-33), and conservation based on location has been

suggested previously but not shown on the molecular level. Investi
gation of the relationship of FHIT orthologues to fragile sites in
additional species is one approach to this question.

ACKNOWLEDGMENTS

We thank Jeffrey Chamberlain for providing us with the mouse muscle
cDNA library. We also thank Kay Huebner for providing some of the YAC
clones used in FISH analysis and for sharing unpublished data.

REFERENCES

1. Ohta. M.. Inoue. H.. Cotticelli. M. G.. Kastury. K.. Baffa, R.. Palazzo, J., Siprashvili.
Z.. Mori. M., McCue. P.. Druck. T., Croce. C. M., and Huebner, K. The F HIT gene,
spanning the chromosome 3pl4.2 fragile site and renal carcinoma-associated t(3;8)
breakpoint, is abnormal in digestive tract cancers. Cell, K4: 587-597. 1996.

2. Hibi, K.. Takahashi. T., Yamakawa. K.. Ueda, R., Sekido, Y., Ariyashi. Y.. Suyama,
M., Takashi. H.. Nakamura, Y., and Takashi. T. Three distinct regions involved in 3p
deletion in human lung cancer. Oncogene, 7: 445-449. 1992.

3. Yamakawa. K., Monta, R., Takahashi. E.. Hori, T., Ishikawa, J.. and Nakamura, Y.
A detailed deletion mapping of the short arm of chromosome 3 in sporadic renal cell
carcinoma. Cancer Res.. SI: 4707-4711, 1991.

4. Wistuba, I.. Montellano. F.. Milchgrub, S., Virmani. A., Behrens, C., Chen, H.,
Ahmadian. M.. Novak, J.. Muller, C., Minna, J., and Gazdar, A. Deletions of
chromosome 3p are frequent and early events in the pathogenesis of uterine cervical
carcinoma. Cancer Res., 57: 3154-3158, 1997.

5. Siprashvili, Z., Sozzi, G., Barnes, L. D.. McCue. P., Robinson, A. K.. Eryomin, V.,
Sard,. L.. Tagliabue, E., Greco. A., Fusetti. L., Schwartz, G., Pierotti, M. A., Croce,
C. M., and Huebner, K. Replacement of Fhit in cancer cells suppresses tumorigenic-
ity. Proc. Nati. Acad. Sci. USA, 94: 13371-13776, 1997.

6. Druck, T., Hadaczek. P., Fu, T. B., Ohta, M., Siprashvili, Z., Baffa, R., Negrini. M..
Kastury, K., Veronese, M. L., Rosen, D., Rothstein, J., McCue, P., Cotticelli, M. G.,
Inoue. H., Croce, C. M., and Huebner. K. Structure and expression of the human
FHIT gene in normal and tumor cells. Cancer Res.. 57: 504-512, 1997.

3413

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/15/3409/2467347/cr0580153409.pdf by guest on 19 M

ay 2023



ISOLATION AND MAPPING OF THE MURINE FMl GENE

7. Le Beau, M. M., Drabkin, H. A.. Gemmili, R. Glover, T. W., McKeithan, T. W.
Rassool, F. V., and Smith. D. I. A FHITtumor suppressor gene? Genes Chromosomes
Cancer, 21: 281-289. 1998.

8. Glover, T. W.. Berger. C.. Coyle. J.. and Echo. B. DNA polymerase a inhibition by
aphidicolin induces gaps and breaks at common fragile sites in human chromosomes.

â€¢¿�Hum.Genet.. 67: 136-142. 1984.

9. Glover, T. W.. and Stein. C. K. Chromosome breakage and recombination at fragile
sites. Am. J. Hum. Genet., 43: 265-273. 1988.

10. Wang. N. D.. Testa, J. R.. and Smith. D. I. Determination of the specificity of
aphidicolin-induced breakage of the human 3pl4.2 fragile site. Genomics, 17: 341-

347, 1993.
11. Glover, T. W., and Stein, C. K. Induction of sister chromatid exchanges at common

fragile sites. Am. J. Hum. Genet.. 41: 882-890, 1987.

12. Rassool, F. V., McKeithan, T. W., Neilly, M. E.. van Melle. E., Espinosa. R., III. and
Le Beau, M. M. Preferential integration of marker DNA into the chromosomal fragile
site at 3pl4: an approach to cloning fragile sites. Proc. Nati. Acad. Sci. USA, 88:
6657-6661, 1991.

13. Wilke. C. M.. Hall. B. K.. Hoge. A.. Pardee. W.. Smith, D. I., and Glover. T. W.
FRA3B extends over a broad region and contains a spontaneous HPV integration site:
direct evidence for the coincidence of viral integration sites and fragile sites. Hum.
Mol. Genet.. 5: 187-195. 1996.

14. Coquelle. A., Pipiras, E.. Toledo, F.. Buttin, G., and Debatisse, M. Expression of
fragile sites triggers intrachromosomal mammalian gene amplification and sets
boundaries to early amplicons. Cell. 89: 215-225, 1997.

15. Sambrook. J.. Fritsch. E. F.. and Maniatis. T. Molecular Cloning: A Laboratory
Manual. Cold Spring Harbor. NY: Cold Spring Harbor Laboratory. 1989.

16. Smith, G. J.. Le Mesurier, S. M., de Montfort. M. L.. and Lykke. A. W. J. Devel
opment and characterization of type 2 pneumocyte-related cell lines from normal
adult mouse lung. Pathology. 16: 401-405. 1984.

17. Pan. Y. H.. Nuzum. E. O.. Hanson. L. A., and Beer. D. G. Ki-raj activation and
expression in transformed mouse lung cells. Mol. Carcinog.. 3: 279-286. 1990.

18. Hanson. L. A.. Nuzum. E. O., Jones. B. C.. Malkinson. A. M.. and Beer. D. G.
Expression of the glucocorticoid receptor and K-ras genes in urethane-induced mouse
lung tumors and transformed cell lines. Exp. Lung Res.. 17: 371-387. 1991.

19. Elder. F. F. B.. and Robinson, T. J. Rodent fragile sites: are they conserved? Evidence
from mouse and rat. Chromosoma. 97: 459-464. 1989.

20. Negrini. M.. Monaco. C.. Vorechovsky. I.. Ohta. M.. Druck. T., Baffa, R.. Huebner,
K., and Croce, C. M. The FHIT gene at 3pl4.2 is abnormal in breast carcinomas.
Cancer Res.. 56: 3173-3179. 1996.

21. Pekarsky, Y., Druck. T.. Cotticelli, M. G.. Ohta. M.. Shou. J.. Mendrola. J.. Mont
gomery. J. C.. Buchberg. A. M.. Manenti. G.. Fong. L. Y. Y.. uragani. T. A., Croce.
C. M., and Huebner. K. The murine Fhil locus: isolation, characterization and
expression in normal and tumor cells. Cancer Res.. 58: 3401-3408. 1998.

22. Sozzi, G., Veronese. M. L.. Negrini, M.. Baffa. R.. Cotticelli. M. G., Inoue, H..
Tomielli. S.. Pilotti, S., De Gregorio. L.. Pastorino, U., Pierotti, M. A., Ohta, M.,
Huebner. K.. and Croce, C. M. The FHIT gene 3pl4.2 is abnormal in lung cancer.
Cell, 85: 7-26, 1996.

23. Virgilio. L.. Shuster, M., Gollin. S. M.. Veronese. M. L.. Ohta. M.. Huebner. K.. and
Croce. C. M. FHIT gene alterations in head and neck squamous cell carcinomas. Proc.
Nati. Acad. Sci. USA, 93: 9770-9775. 1996.

24. Muller, C. Y., O'Boyle, J. D., Fong, K. M.. Wistuba. 1.1., Biesterveld, E.. Ahmadian,

M.. Miller. D. S.. Gazdar, A. F.. and Minna. J. D. Abnormalities of FHlTgcnomic and
cDNAs in human cervical cancer with HPV subtype correlation. J. Nati. Cancer Inst.
(Bethesda), 90: 433-439, 1998.

25. Michael. D.. Beer. D. G.. Wilke. C. M.. Miller. D. M.. and Glover, T. W. Frequent
deletions of FHIT and FRA3B in Barrett's metaplasia and esophageal adenocarcino-

mas. Oncogene, /5: 1653-1659, 1997.

26. Ong. S. T., Fong, K. M.. Bader, S. A., Minna, J. D.. LeBeau, M. M.. Me Keithan.
T. W.. and Rassool. F. V. Precise localization of the FHIT gene to the common fragile
site at 3pl4.2 (FRA3B). and characterization of homozygous deletions within FRA3B
that affect transcription in tumor cell lines. Genes Chromosomes Cancer. 20: 16-23,

1997.
27. Thiagalingam, S., Lisitsyn. N. A.. Hamaguchi. M., Wigler, M. H.. Willson. J. K..

Markowitz, S. D., Leach, F. S., Kinzler, K. W.. and Vogelstein, B. Evaluation of the
FHIT gene in colorectal cancers. Cancer Res., 56: 2936-2939. 1996.

28. Pardee, W., Wilke, C. M.. Hoge, A., Glover, T. W., and Smith. D. I. A 350 Kb cosmid
contig in 3pl4.2 that crosses the t(3;8) hereditary renal cell carcinoma translocation
breakpoint and 17 aphidicolin-induced FRA3B breakpoints. Genomics, 35: 87-93.

1996.
29. Boldog. F.. Gemmili. R., West. J.. Robinson. M.. and Li. E. Chromosome 3pl4

homozygous deletions and sequence analysis of FRA3B. Hum. Mol. Genet.. 6:
193-203, 1997.

30. Fong. K. M.. Biesterveld. E. J.. Virmani. A.. Wistuba, I.. Sekido. Y.. Bader. S. A..
Ahmadian. M., Ong. S. T.. Rassool. F. V.. Zimmerman, P. V.. Giaccone. G., Gazdar.
A. F., and Minna, J. D. FHIT and FRA3B 3pl4.2 alÃeleloss are common in lung
cancer and preneoplastic bronchial lesions and are associated with cancer-related
FH/TcDNA splicing aberrations. Cancer Res., 57: 2256-2267. 1997.

31. Stone. D. M.. Stephens, K. E.. and Doles. J. Folate-sensitive and aphidicolin-inducible
fragile sites are expressed in the genome of the domestic cat. Cancer Genet. Cyto-
genet., 65: 130-134. 1993.

32. Stone, D. M.. Jacky. P. B.. Hancock. D. D.. and Prieur, D. J. Chromosomal fragile site
expression in dogs. Am. J. Med. Genet.. 40: 214-222. 1991.

33. Yang, M. Y.. and Long. S. E. Folate sensitive common fragile sites in chromosomes
of the domestic pig (Sus scrofa). Res. Vet. Sci., 55: 231-235, 1993.

34. Gantz. I.. Knoda, T., Yang. Y. K.. Miller, D. E., Dierick, H. A., and Yamada. T.
Cytogenet. Cell Genet., 74: 286-290. 1996.

3414

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/15/3409/2467347/cr0580153409.pdf by guest on 19 M

ay 2023




