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The FEZ1 gene at chromosome 8p22 encodes a leucine-zipper
protein, and its expression is altered in multiple human tumors
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ABSTRACT Alterations of human chromosome 8p occur
frequently in many tumors. We identified a 1.5-Mb common
region of allelic loss on 8p22 by allelotype analysis. cDNA
selection allowed isolation of several genes, including FEZ1.
The predicted Fez1 protein contained a leucine-zipper region
with similarity to the DNA-binding domain of the cAMP-
responsive activating-transcription factor 5. RNA blot analy-
sis revealed that FEZ1 gene expression was undetectable in
more than 60% of epithelial tumors. Mutations were found in
primary esophageal cancers and in a prostate cancer cell line.
Transcript analysis from several FEZ1-expressing tumors
revealed truncated mRNAs, including a frameshift. Alteration
and inactivation of the FEZ1 gene may play a role in various
human tumors.

Frequent loss of heterozygosity (LOH) at specific chromo-
somal regions in certain tumors implies the presence of
suppressor genes (1–5). Recent allelotyping studies have
shown that allelic losses on the short arm of chromosome 8,
particularly at bands 21–22, frequently are associated with
various tumors, including prostate cancer (6, 7), breast cancer
(8), head and neck squamous cell carcinoma (9–11), urinary
bladder carcinoma (12), hepatocellular carcinoma (13), and
hematological malignancies (14). A recent genome-wide
search for LOH in breast cancer showed that 8p is one of the
most frequently altered chromosome regions (15); LOH at
8p21–22 was associated with the invasive behavior of breast
cancer (16, 17). Loss at 8p21.3–22 has been shown to be
associated strongly with prostate cancer progression (18).
These observations suggest that chromosome region 8p21–22
plays an important role in the development of various tumors,
including prostate and breast cancers.

Functional evidence of the presence of tumor suppressor
gene(s) at 8p was shown experimentally by chromosome
transfer into tumor cells (19). Somatic cell hybrids of cancer
cells with transferred normal human chromosome 8p22–23
fragments lost their ability to produce tumors (19). Additional
microcell fusion experiments suggested the possible location of
metastasis suppressor gene(s) at 8p (20–22). It is possible that
two or more genes at 8p may be involved in suppression of
cancer development.

Efforts toward positional cloning of the suppressor gene(s)
allowed the isolation of a candidate tumor suppressor gene,
N33, at 8p22 near the macrophage-scavenger-receptor (MSR)
gene locus (23–26). The N33 gene was silenced in several
cancer cells, although no point mutations were found. Another
candidate gene, PRLTS, at 8p21.3–22 showed point mutations
in four cancer cases (27, 28). The frequency of alterations in
this gene was, however, very low (28). Alterations of N-
acetyltransferase (NAT)1 and NAT2 genes at 8p22 have also

been studied in cancer, because of their carcinogen-
metabolizing action (29, 30). The results showed no abnor-
mality in cancer cells (29, 30).

Esophageal cancer occurs worldwide, and its incidence is
increasing in the Western world (31–33). We performed
allelotyping to identify a common region of loss at 8p in
primary esophageal squamous cell carcinomas. We identified
a common region of LOH at 8p22 around marker D8S261,
which overlaps with the target region in other tumors, includ-
ing prostate and breast cancer (6–9, 15). This region is .2 Mb
centromeric to the MSR region (23–26). To clone the genes
present in this region, cDNA selection, CpG island cloning,
and shotgun sequencing were carried out. Analysis of cDNAs
in human tumors and tumor-derived cell lines indicates that we
cloned a gene, FEZ1, which is altered in many tumors,
including esophageal, prostate, and breast cancer.

MATERIALS AND METHODS

Cell Lines and Tissues. Esophageal cancer cell lines were
cultured in RPMI 1640 with 10% FBS (34). The other cancer
cell lines were obtained from the American Type Culture
Collection and maintained. Seventy two primary esophageal
cancer samples and flanking normal portions, as well as 39
breast, 24 prostate, and 8 ovarian cancers, were obtained
surgically from patients with their informed consent.

LOH Study. PCR amplifications using 59-f luorescein phos-
phoramidite- or 59-tetrachloro-fluorescein phosphoramidite-
labeled primers for microsatellite loci (Research Genetics,
Huntsville, AL) with tumor and normal template DNAs were
performed as reported (35), with minor modifications. Briefly,
PCRs were done in a 20 ml of buffer containing 2.5 mM MgCl2,
1.5 mM dNTP, and 0.5 unit of Ampli Taq Gold (Perkin–
Elmer). PCR conditions were as follows; after 95°C for 12 min,
a total of 30 cycles consisting of 10 cycles at 94°C for 15 sec,
55–58°C annealing for 15 sec, and 72°C for 30 sec, and 20 cycles
at 89°C for 15 sec, 55–58°C annealing for 15 sec, and 72°C for
30 sec, followed by 72°C for 30 min. After heat denaturation,
the samples were loaded on a 6% denaturing gel on the
Applied Biosystems 373 DNA sequencer. Data collection and
fragment analysis were done with the Applied Biosystems
Prism Genescan and the Applied Biosystems PRISM GENO-
TYPER ANALYSIS software (Perkin–ElmeryApplied Biosys-
tems). Cases were judged as LOH when an allele peak signal
from tumor DNA was reduced by 50% compared with the
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normal counterpart. When tumors showed 40–60% reduction
of a normal counterpart, the analyses were repeated two more
times, and average reductions were used as final data.

Yeast Artificial Chromosome (YAC) and Bacterial Artificial
Chromosome (BAC) DNAs. PCR amplifications were done to
screen human YAC and BAC libraries (Research Genetics).
YAC clones were embedded into agarose and separated by
pulse-field gel electrophoresis (36, 37). After the gel electro-
phoresis, the YAC DNAs were cut out from the gels. BAC
DNAs were purified by using the Qiagen (Chatsworth, CA)
purification kit. BAC DNAs were sequenced with T7 and SP6
primers. Southern blot hybridization and PCR analysis re-
sulted in overlapping clones. From these results, contigs were
constructed.

cDNA Selection. Gels containing YAC DNAs were digested
with MboI and were extracted from the gel with Gene Clean
III (Bio 101). Two deoxyoligonucleotides, 59-GATCTCGAC-
GAATTCGTGAGACCT-39 and 59-TGGTCTCACGAAT-
TCGTCGA-39, were annealed to make an adapter-linker,
which was ligated to the digested genomic DNA. PCR ampli-
fications with 15 cycles were performed with 59-biotinylated
primer corresponding with the adapter-linker. cDNAs were
reverse-transcribed from prostate poly(A)1 RNA (CLON-
TECH) with NotI-primer adaptoryoligo(dT)-primers (Super-
script Plasmid system; GIBCOyBRL). After the first strand
cDNA end was blunted, a SalI adaptor (GIBCOyBRL) was
ligated to cDNAs. cDNAs were amplified by PCR with the SalI
adapter primers, and the products were cleaned with the
Qiagen PCR purification column.

The methods of blocking, hybridization, and washing (26,
38) were adapted with minor modifications. Repetitive se-
quences were blocked with equal amounts (wtywt) of Cot-1
DNA (GIBCOyBRL). Biotin-labeled genomic DNAs and
blocked cDNA were adjusted to 120 mM NaPO4 (pH 7) and
1 mM EDTA (pH 8) and a DNA concentration (excluding
Cot-1) of approximately 160 mgyml. Reactions were incubated
at 60°C for 60 h (Cot 5 120). For washing, 10 ml of avidin-
coated magnetic bead suspension (Dynabeads M-280; Dynal,
Great Neck, NY), which was premixed with sonicated salmon
sperm DNA, was incubated with complete hybridization re-
actions in TE (Tris-EDTA) buffer and 1M NaCl at room
temperature for 30 min. Two washes were performed with
0.13 standard saline citrate (13 5 0.15 M sodium chloridey
0.015 M sodium citrate, pH 7) and 0.1% SDS for 15 min at
room temperature, and three washes were done at 65°C.
Bound cDNAs were eluted from beads, neutralized, and
cleaned with the Qiagen PCR purification column. The
cDNAs were reamplified by PCR in the same conditions as the
first round, and the amplified cDNAs were digested with SalI
and NotI and were cloned directly into pSPORT1 vector
(GIBCOyBRL).

Cloning of CpG Island and Shotgun Sequencing of BAC.
BAC DNAs were digested with BssHII or SacII, and with
Sau3AI (39). The products were ligated into pBK-CMV
(Stratagene), predigested with BssHII or SacII and BamHI.
The products were subcloned and sequenced. Shotgun se-
quencing was performed as described (40). Clones from the
shotgun libraries were sequenced to identify candidate cDNA
sequences.

Reverse Transcription (RT)–PCR, Rapid Amplification of
cDNA Ends, and cDNA Library Screening. cDNA was syn-
thesized from 2 mg of total RNA or 150 ng of poly(A)1 RNA
with Superscript II (GIBCOyBRL) at 42°C or 50°C and
subjected to PCR amplifications with specific primers. The
rapid amplification of cDNA ends was performed using cD-
NAs from human testes and brain (CLONTECH). The cDNA
libraries from human testes and brain (CLONTECH) were
screened.

Nucleotide Sequence. Nucleotide sequence information was
obtained by DNA sequencing. Eleven pairs of primers for

FEZ1 exons 1–3 were used for PCR with genomic DNA. The
PCRs were done with the same conditions as those described
for the LOH studies, except that 4% (wtywt) dimethyl sulfox-
ide was added, and PCR amplifications were a total of 35
cycles. The PCR products were cleaned with the Qiagen PCR
purification column and sequenced. Sequencing reactions and
analysis were performed by using the Applied Biosystems
Prism BigDye terminator reaction chemistry on a Perkin–
Elmer Gene Amp PCR system 9600 and the Applied Biosys-
tems Prism 377 DNA sequencing system.

RESULTS AND DISCUSSION

Deletion Analysis of Chromosome 8p in Cancer. DNAs from
53 primary esophageal cancers and matched normal tissues
were analyzed for allele loss at 22 microsatellite loci on
chromosome 8p. Representative data are shown in Fig. 1A.
Allelic loss was assessed by the reduction of the signal intensity
of an allele, compared with its normal counterpart (35). The
variability of relative intensity of tumor alleles is caused by
either intratumoral heterogeneity or normal tissue contami-
nation. Histological examination showed that different tumors
had different ratios of neoplastic to stromal cells and to
infiltrating lymphocytes. The apparent incomplete allele loss
seen in some samples, such as E46 at D8S136 and D8S264 (Fig.
1A) likely is caused by the contamination of normal cells. The
allelic losses for each matched DNA pair are summarized in
Fig. 1B. Twenty-three patients (43%) showed loss of an allele
at one or more loci on 8p. Sixteen of 23 tumors (70%) showed
a commonly lost 1.5-Mb region near the D8S261 loci, and 14
patients (61%) had potential common LOH regions near
D8S254 (Fig. 1B). These data suggest that two tumor suppres-
sor genes are located in the chromosome 8p22–23 region. We
focused on the more frequently affected 8p22 region around
D8S261.

YAC and BAC Contigs. YAC clones were isolated, and a
genomic YAC contig of the region around the D8S261 marker
was constructed (Fig. 1C). To analyze the commonly lost
region, we isolated BAC clones, and a BAC contig, including
markers D8S233 and D8S261, was constructed. The overlaps of
BAC clones were confirmed by Southern blot or by PCR
amplification.

Candidate cDNAs Isolation and Mapping. We used three
approaches to isolate candidate cDNAs from the target region:
CpG island cloning, shotgun sequencing, and cDNA selection
(Fig. 1C). Two candidates for CpG islands were identified from
the region near marker D8S233 by CpG island cloning. The
BACs were partially sequenced by the shotgun method to look
for sequences matching expressed sequence tags in the data-
base. These approaches resulted in identifying two expressed
sequence tags from this region. We also performed cDNA
selection for three YAC templates, which covered D8S261 and
LPL. We picked 400 clones per YAC from the cDNA selected
libraries and sequenced all the clones using two vector primers.
Fifty percent of clones were ribosomal or mitochondria-related
genes, and the remainders were classified and analyzed. A total
of 123 clones of 400–800 bp were selected.

Eighty-seven potentially expressed clones were mapped in
the YAC contig (Fig. 1C). To choose clones that are expressed,
we performed RT-PCR with RNAs from normal adult tissues,
including prostate. RT-PCR analysis revealed that 43 clones
were expressed in normal tissues. To select clones that showed
reduced expression in tumor cells, RT-PCR amplifications
were performed with cDNA from prostate cancer cell lines.
Nine clones showed absence or reduction of expression in
cancer cells. The rapid amplification of cDNA ends method
was carried out, and the sequences of six clones were extended
successfully. Northern blot analyses were performed with these
cDNA probes. F30 and F34 clones showed similar expression
patterns, including a major transcript of about 10 kb and a
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smaller transcript of 2 kb in testes, suggesting that these two
cDNAs were from the same gene. Alterations of expression of
F30yF34 and three other clones were not remarkable in cancer
(data not shown). On the other hand, Northern blot analysis
using the F37 clone, obtained by hybrid selection, showed a
6.8-kb transcript in normal epithelial tissues, the expression of
which could not be detected in the LNCaP prostate cancer cell
line.

Cloning of the Full-Length F37 Gene. A human testes cDNA
library of 6 3 106 clones was screened with the F37 probe, and

the 59 end was obtained by the rapid amplification of cDNA
ends procedures. The accuracy of the cDNA sequence was
confirmed by RT-PCR, sequencing, and Northern blot analysis
using several different probes from separate regions of the F37
cDNA. Exonyintron boundaries were identified by sequencing
the corresponding BAC clones. The chromosomal location of
the F37 gene was confirmed by the presence of the F37 gene
fragment in a radiation hybrid panel (Gene Bridge 4 Humany
Hamster RH Panel, Research Genetics). The result showed
that the F37 gene is located within 3.36 centiRays from
WI-5962 at chromosome 8p22. The F37 cDNA is approxi-
mately 6.8 kb, including a 1,788-bp ORF, which encoded a
596-aa protein of 67 kDa. Homology search of databases
showed that the F37 sequence contains a leucine-zipper motif
and it has 32% identity to the DNA-binding domain of a
cAMP-responsive activating-transcription factor, Atf-5 (Fig.
2A). The homology search also showed that the F37 protein
has 38% identity to the KIAA0552 protein, which consists of
673 aa. The motif analysis (Searching Protein and Nucleic Acid
Sequence Motifs in Genome Net) showed a predicted cAMP-
dependent phosphorylation site, Ser-29, and a predicted ty-
rosine kinase phosphorylation site, Tyr-67. The ORF was
composed of coding exons 1–3 (Fig. 3C). In vitro transcriptiony
translation experiments showed that the F37 gene can be
transcribed and translated into a protein (data not shown). The
F37 gene was designated FEZ1 (F37yEsophageal cancer-
related gene-coding leucine-zipper motif).

Expression of the FEZ1 Gene in Normal and Tumor Tissues.
Northern blot analysis revealed that the FEZ1 gene is ex-
pressed almost ubiquitously in normal tissues, although ex-
pression in testes was most abundant (Fig. 2B). We also
analyzed the expression of the FEZ1 gene in human tumors,
including 41 cancer-derived cell lines and 25 primary tumors,FIG. 1. LOH at human chromosome 8p in primary esophageal

cancer samples and genomic contigs at 8p22. (A) Representative LOH
analysis from two cases, E26 and E46. Fluorescent PCR products from
normal (N) and tumor (T) DNAs were analyzed. The x axis shows
DNA fragment size in bp (depicted in boxes, compared with size
markers). Patient E26 was informative for all four markers; LOH for
D8S264, LPL, and D8S136 and allelic retention in FGFR1 (because a
167-bp peak in tumor is more than 50% of that in normal). Patient E46
was informative at D8S264 and D8S136, and one allele at each was lost,
whereas LPL and FGFR1 loci were homozygous. (B) Summary of
LOH analyses. All the patients with loss at least at one locus are shown.
The closed circles indicate loss of an allele, the circles with crosses
indicate noninformation because of homozygosity, and the open
circles depict the retention of both alleles. The dark hatched areas
indicate regions of allele loss, whereas the light hatched areas show
regions of noninformation within allele loss areas. Further studies
focused on the region near the marker D8S261 locus shown in a boxed
area. The column numbers correspond to patients, whereas the row
numbers indicate polymorphic markers. (C) Genomic contigs at 8p22.
The upper line depicts the location of polymorphic loci on 8p. YAC
(boxes) and BAC (horizontal lines) contigs were constructed. The
cDNA selection was performed on three YAC DNAs (triangles). The
shotgun sequencing were carried out on BACs (triangles). Eighty-
seven potentially expressed sequences were isolated and located within
the contigs, which are shown in the lower portion. The underlined
characters are the sequences that are expressed in normal tissues. A
candidate fragment, e37, corresponds to the F37 cDNA described in
text. Areas with arrows show locations of candidate cDNAs. After
expression analysis in tumor and normal tissues, nine cDNAs (circled
characters) were subjected to partial cloning and further analysis.

FIG. 2. The predicted FEZ1 amino acid sequence and the expres-
sion. (A) Comparison of the predicted amino acid sequences corre-
sponding to the DNA-binding and leucine-zipper regions. Comparison
of Fez1 (amino acids 301–369 are depicted) with Atf-5 and KIAA0522
proteins are shown. Identical (red shading) or similar (blue shading)
residues among Fez1 and the other two proteins are indicated. Gaps
introduced by the FASTA program are represented by spaces. Closed
circles denote repeated leucine residues. (B) FEZ1 gene expression.
Northern blot analysis of normal tissue RNAs. Probes used were the
FEZ1 ORF probe (upper) and the control b-actin probe (lower).
Poly(A)1 RNA (5 mg) was loaded. The arrowhead on the left indicates
the 6.8-kb FEZ1 transcript. RNAs in lanes were from: 1, heart; 2, brain;
3, placenta; 4, lung; 5, liver; 6, skeletal muscle; 7, kidney; 8, pancreas;
9, spleen, 10, thymus; 11, prostate; 12, testes; 13, ovary; 14, small
intestine; 15, colon; 16, peripheral blood lymphocyte.
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by Northern blotting and by RT-PCR amplifications (Fig. 3A;
summarized in Table 1). The results showed that FEZ1 ex-
pression was undetectable in 31 cancer cell lines (76%) and 16
primary tumors (64%). FEZ1 expression was not detected in
any of the breast cancer cell lines (15 of 15) or primary tumors
(10 of 10) studied. To exclude the possibility of involvement of
some alternative splicing variants, which may affect the ex-
pression analysis, we performed Northern blot analysis with
three different probes (from the ORF, from the 39-noncoding
sequence just downstream of the ORF, and from the 39-
noncoding terminal sequence). The results showed no differ-
ences in detection of transcripts by three probes, suggesting
that the FEZ1 expression was absent in the cell lines and
tumors examined. To exclude the possibility that normal
stromal cells, but not epithelial cells, may express FEZ1, we
analyzed the FEZ1 expression in normal breast epithelial cells
and fibroblasts and in normal prostate epithelial cells (Clo-

netics, San Diego). The results with RT-PCR amplifications
showed that FEZ1 was expressed in all of these normal cells,
although no expression was observed in breast and prostate
cancer cells (data not shown).

Mutations of the FEZ1 Gene in Tumors. The nucleotide
sequence of the FEZ1 gene ORF (exons 1–3) was analyzed in
a total of 194 cancers, from 72 primary esophageal cancers, 18
esophageal cancer cell lines, 24 primary prostate cancers, 3
prostate cancer cell lines, 39 primary breast cancers, 25 breast
cancer cell lines, 8 primary ovarian cancers, 4 leukemic cell
lines, and 1 cervical cancer cell line, regardless of the presence
or absence of FEZ1 expression. DNA sequencing was per-
formed directly with the purified PCR products, not the
subcloned PCR products. The data were confirmed by se-
quencing of duplicate PCR amplification products and by
sequencing the antisense strands with reverse primers. For
primary tumor cases with mutations, normal DNA from the

FIG. 3. Alterations of FEZ1 in tumors. (A) FEZ1 gene expression in cancers. Probes used were a FEZ1 cDNA probe (Upper) and a control
b-actin probe (Lower). Poly(A)1 RNA (5 mg) from cancer cell lines was loaded. The arrowhead on the left indicates the 6.8-kb transcript of FEZ1.
RNAs were from: esophageal cancer cell lines KYSE170 (lane 1), TE12 (lane 2), TE8 (lane 3), and TE3 (lane 4); prostate cancer cell lines DU145
(lane 5), LNCaP (lane 6), PC3 (lane 7), and normal prostate (lane 8); breast cancer cell lines MB231 (lane 9), SKBr3 (lane 10), BT549 (lane 11),
HBL100 (lane 12), MB436 (lane 13), BT20 (lane 14), MB543 (lane 15), MB175 (lane 16), MCF7 (lane 17), and T47B (lane 18); normal breast (lane
19); and total RNA of normal breast (lane 20); promyelocytic leukemia cell line HL60 (lane 21); cervical cancer cell line HeLa S3 (lane 22); chronic
myelogenous leukemia cell line K562 (lane 23); lymphoblastic leukemia cell line MOLT4 (lane 24); Burkitt’s lymphoma cell line Raji (lane 25);
colorectal adenocarcinoma cell line SW480 (lane 26); lung cancer cell line A549 (lane 27); and melanoma cell line G361 (lane 28). (B) Sequence
chromatograms of three mutations. A point mutation (TCCySer3 CCCyPro) at codon 29 was found (T) in an primary esophageal cancer, E44.
As controls, normal sequences from normal DNA from patient E44 and BAC sequence (N) were analyzed, both producing the same result. A bold
line indicates the altered codon. In primary esophageal cancer, E50, a point mutation (AAGyLys3 GAGyGlu) at codon 119 was found (T). The
normal BAC sequence is shown in (N). The point mutation (CAGyGln3 TAGySTOP) at codon 501 was observed in prostate cancer PC3 cells
(T). Note that the sequence chromatogram from this cell line is shown in the 39 to 59 direction. Repeated sequencing showed a weak signal
corresponding to guanine (G) within a large adenine (A) signal in the first nucleotide at codon 501, suggesting the retention of the normal allele
in a fraction of the cancer cells. Expression analysis with RT-PCR detected only the mutated transcript in this cell line. The normal BAC sequence
is shown in (N). (C) Truncated FEZ1 transcripts observed in cancers. The normal exonyintron structure (top drawing) was determined by sequencing
of brain, prostate, and esophagus cDNAs and by sequencing FEZ1 gene in BAC. The boxes indicate exons, and the shaded areas show the ORF
of 1,788 bp. The introns are depicted by horizontal lines. Aberrant transcripts observed in tumors are depicted in bold lines. The location of mutations
are shown as closed circles. LZ, leucine-zipper motif; FS, frameshift. (D) Southern blot analysis of the FEZ1 gene locus. High-Mr DNAs from cancer
cells were cleaved with EcoRI, separated electrophoretically, transferred to a nylon membrane, and probed with the 1.7-kb FEZ1 ORF probe. DNAs
(10 mgylane) were from lanes: 1, MB436S; 2, normal; 3, MB231; 4, MB361; 5, TE8; 6, TE3; 7, normal (different origin from normal DNA in lane
2).
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same patient was also analyzed. We found three point muta-
tions in two primary esophageal cancers and in a prostate
cancer cell line (Fig. 3 B and C). In a primary esophageal
tumor, E44, alteration of TCC to CCC at codon 29 resulted in
the substitution of Ser-29 with Pro-29, which is a predicted
cAMP-dependent kinase phosphorylation site, whereas the
sequences from both the normal DNA of the same patient and
human BAC clones showed no alterations. In another primary
esophageal cancer, E50, alteration of AAGyLys to GAGyGlu
at codon 119 was found. Our LOH study indicated that these
two patients had allelic losses at the D8S261 marker. Thus,
these tumor cells retained the mutated FEZ1 allele and lost the
normal FEZ1 allele. The third point mutation was the change
of CAGyGln to TAGyStop at codon 501 in a prostate cancer
cell line, PC3, which resulted in coding of a putative 166-aa
protein lacking the C terminus.

Aberrant Transcripts of FEZ1 Gene from Tumors. We
analyzed by RT-PCR the cDNA sequences in the ORF from
a fraction of the tumors that expressed the FEZ1 gene (Fig. 3C;
Table 2). In esophageal cancer, prostate cancer, melanoma,
and hematological malignancies, several internally truncated
transcripts were identified. Sequences from normal brain and
prostate, as well as normal esophagus from seven individuals
and from matched normal cDNA of patients, E16, E26, and
E41, showed no alterations, except that one of 12 clones from
testes cDNA showed a deleted sequence (nucleotides 1,441–

1,527 in the ORF were deleted). The transcript from two
independent esophageal cancers showed a frameshift within
the ORF, which resulted in coding a short 76-aa protein (Fig.
3C). We analyzed the nucleotide sequences around ‘‘break
points’’ of the deleted cDNAs and compared them to se-
quences from the full-length cDNA. The results showed that all
of the acceptor sites contain the intronic AG flanking the
exons, and these are almost compatible with the conserved
sequences frequently observed in the eukaryote exonyintron
boundary structure (41, 42), suggesting that the deleted tran-
scripts in several tumors may be produced by splicing. We also
analyzed the allelic expression status of the FEZ1 gene with a
polymorphic site in the 39-noncoding cDNA region (the
2,134th nucleotide from the first codon). The results showed
that, in four informative, normal primary tissues analyzed, the
FEZ1 gene was transcribed from both alleles, i.e., not im-
printed, whereas the expression in the FEZ1-expressing cancer
cells was from a single allele, probably because of the allelic
losses (data not shown).

Genomic Analysis of the FEZ1 Gene Region. Several tumor
suppressor genes are associated with frequent allelic loss, and
some are involved in homozygous deletions (1, 23, 43). To
analyze whether any homozygous deletions or rearrangements
of the FEZ1 gene occurred in tumor cells, we studied the FEZ1
gene locus by Southern blotting with the FEZ1 ORF probe in
4 esophageal, 3 prostate, and 11 breast cancer cell lines. The
results showed 1 breast cancer cell line with a single rearranged
FEZ1 band and loss of the normal allele (Fig. 3D). No
homozygous deletions were detected in the other 17 cell lines
examined, regardless of the presence or absence of FEZ1
expression. These data suggest that, although LOH in the
genomic region around the D8S261 locus, as well as at the
FEZ1 gene locus, is a common alteration, homozygous dele-
tions of this gene ORF region are infrequent in tumors. The
major mechanism of FEZ1 inactivation may be because of
‘‘two-hit’’ events including allelic loss and point mutations and,
possibly, allele loss plus shut-down transcription.

The genomic analysis of region 8p22, a region that is lost
preferentially in esophageal squamous cell cancer, as well as in
many other tumors, resulted in the identification of FEZ1, a
gene encoding a leucine-zipper protein with similarity to the
cAMP-responsive Atf-5 DNA-binding protein (44, 45). FEZ1
expression was undetectable in more than 60% of cancers. We
detected missense mutations in two primary esophageal can-
cers and a nonsense mutation in a prostate cancer cell line.
These data suggest the FEZ1 tumor suppressor gene candi-
dacy, and that its loss of function plays a role in the develop-

Table 1. Summary of FEZ1 gene expression in various cancers

Origin of cancer
samples

No. of cases
analyzed

Cases expressing
FEZ1 mRNAs

No. of cases with
aberrant size transcripts

(case names)

Esophagus
Cell lines 4 1 1 (TE8)
Primary tumors 12 9* 4 (E16, E26, E41, E62)

Gastric cell lines 8 3* Not done
Colon cell lines 3 2 1 (SW480)
Prostate

Cell lines 3 2 1 (DU145)
Primary tumors 3 0*

Breast
Cell lines 15 0
Primary tumors 10 0*

Hematopoietic cell lines 5 1 1 (MOLT4)
Lung cell lines 1 0
Melanoma cell lines 1 1 1 (G361)
Cervical cell lines 1 0

The FEZ1 expression was analyzed by Northern blot or RT-PCR.
p, Analyzed by RT-PCR.

Table 2. FEZ1 aberrant transcripts observed in cancers

Tumor Deletion Results
Affected

exons
Putative protein
coded in-frame

E16 156-1542 FS Ex1,2,3 Zip(2)
E26 558-1715 IF Ex2,3 Zip(2)
E41 558-1715 IF Ex2,3 Zip(2)
E62 558-1715 IF Ex2,3 Zip(2)
TE8 156-1542 FS Ex1,2,3 Zip(2)

1402-1578 IF Ex3 Zip(1)
DU145 1366-1641 IF Ex3 Zip(1)

1402-1578 IF Ex3 Zip(1)
MOLT4 1402-1578 IF Ex3 Zip(1)
G361 1417-1515 IF Ex3 Zip(1)

1516-1584 IF Ex3 Zip(1)

The positions of the first and last nucleotides of deletions are shown
according to the nucleotide number counted from the first coding
codon. IF, in-frame; FS, frameshift; Zip(1), putative Fez1 protein
coded in-frame with leucine zipper: Zip(2), protein without leucine
zipper.
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ment of prostate, breast, and esophagus cancers, and, perhaps,
of many other malignancies with alteration at 8p22.
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