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Abstract

The WWOX (WW domain containing oxidoreductase) gene was re-
cently identified as a candidate tumor suppressor gene at 16q23.3-24.1, a
chromosome region that spans the common fragile site FRA16D. To
evaluate the potential role of the WWOX gene in esophageal squamous cell
carcinomas, we examined 36 tumors for genetic alterations of the WWOX
gene. Loss of heterozygosity (LOH) at the WWOX locus was observed in 14
(39%) tumors. A tumor-specific missense mutation was found in one
tumor, and LOH analysis had shown that the other allele was missing.
Furthermore, we detected aberrant WWOX gene transcripts with absence
of exons 6–8 in two tumors, and complete absence of transcript in one
tumor. These results indicate that alteration and inactivation of the
WWOX gene may play a role in esophageal squamous cell carcinogenesis.

Introduction

The genesis of human cancers is generally a multistep process
reflecting cumulative genetic alterations that include activation of
oncogenes or inactivation of tumor suppressor genes. Although fre-
quent allelic deletions and other genetic abnormalities have been
detected in esophageal squamous cell carcinoma (1–3), the precise
molecular mechanism of development and/or progression of esopha-
geal squamous cell carcinoma still remains unclear. WWOX3 gene, a
candidate tumor suppressor gene, was recently detected in chromo-
some 16q23.3-24.1 (4–7). Chromosome 16q was implicated as the
site of tumor suppressor genes in a large spectrum of tissues because
a high frequency of LOH3 of microsatellite markers at this chromo-
somal arm had been detected in multiple tumor types (8–10). Fur-
thermore, the WWOX gene is located within the common fragile site
FRA16D (4–7). FRA3B and FRA16D have been observed to be the
most frequently expressed of the common chromosomal fragile site
loci. The tumor suppressor gene, fragile histidine triad (FHIT) gene,
was found to span the FRA3B fragile site (11), and abnormal FHIT
transcripts were detected in various human cancers, including esoph-
ageal squamous cell carcinoma (12). Recently, genetic alterations at
FRA16D associated with exposure to environmental carcinogens such
as Aflatoxin B1 were observed (13). Furthermore, we have reported
that the FHIT/FRA3B locus in esophageal carcinoma was susceptible
to damage by environmental carcinogens, such as smoking or alcohol
consumption (12). Smoking and alcohol consumption are the major

risk factors for esophageal carcinoma (14). We thus hypothesized that
the WWOX gene may be a tumor suppressor gene in esophageal
squamous cell carcinoma. In this report, we describe the occurrence of
genomic alterations and abnormal transcripts of WWOX gene in
human esophageal squamous cell carcinoma.

Materials and Methods

Tissues. Tumors and corresponding noncancerous tissues were obtained
from 36 Japanese patients who underwent surgery for esophageal squamous
cell carcinoma (31 male, 5 female; median age, 59 years; range, 48–74 years).
Four were stage I, 5 were stage II, 25 were stage III, and 2 were stage IV,
according to the Tumor-Node-Metastasis classification. Tumors and corre-
sponding normal tissue samples were obtained for each patient.

DNA and RNA Extraction. The tissue samples were excised and imme-
diately stored at �80°C. DNA and RNA were extracted from each sample
according to methods described previously (15).

LOH Analysis. Allelic losses were analyzed by a PCR approach with
primers amplifying polymorphic microsatellites internal to WWOX at loci
D16S3029, D16S3096, D16S504, and D16S518. The primer sequences were
obtained from the Genome database, and primers were labeled using 5�-
fluorescein phosphoramidite or 5�-tetrachlorofluorescein phosphoramidite for
microsatellite loci, as described by Ishii et al. (16). PCR was performed on the
genomic DNA samples using the following conditions: 50 ng of genomic DNA
template, 10 pmol of each primer, 2.5 mM MgCl2, 1.5 mM dNTP mix, 1� PCR
buffer, and 0.5 unit of AmpliTaq Gold (Perkin-Elmer, Branchburg, NJ) in a
20-�l final volume. PCR cycles included one cycle of 95°C for 12 min
followed by 35 cycles consisting of 10 cycles at 94°C for 15 s, 55°C for 15 s,
and 72°C for 30 sec and by 25 cycles at 89°C for 15 s, 55°C for 15 s, and 72°C
for 30 s, followed by 72°C for 10 min in a Perkin-Elmer Gene Amp PCR
system 9600. PCR products were denatured in formamide for 5 min at 95°C
and then loaded on a 6% denaturing gel on the Applied Biosystems 373 DNA
sequencer. LOH was analyzed by using the Applied Biosystems Prism Genes-
can and the Applied Biosystems PRISM GENETYPER ANALYSIS software
(Perkin-Elmer/Applied Biosystems). Cases were defined as LOH when an
allele peak signal from tumor DNA was reduced by 50% compared with the
normal counterpart.

Mutation Screening of the WWOX Gene. Nine pairs of primers for
individual exon amplification and screening were used for PCR with genomic
DNA. The primers for each exon are specified in GenBank (Accession nos.
AF325423–AF325432). The PCRs were performed with the same condition as
those described for the LOH analysis. The PCR products were purified using
the QIAquick PCR purification kit (QIAGEN, Inc., Valencia, CA), and se-
quencing reactions and analysis were done using the Applied Biosystems
Prism BigDye terminator reaction chemistry on a Perkin-Elmer Gene Amp
PCR system 9600 and the Applied Biosystems Prism 377 DNA sequencing
system (Applied Biosystem, Inc., Foster City, CA).

Nested RT-PCR Analysis of the WWOX Transcript. cDNA was syn-
thesized from 2 �g of total RNA, and RT was performed as described
previously (12). GAPDH amplification served as a control for cDNA quality.
One �l of cDNA was used for the first PCR amplification with primers
(forward primer, 5�-AGTTCCTGAGCGAGTGGACC-3�; reverse primer, 5�-
TTACTTTCAAACAGGCCACCAC-3�) in a volume of 50 �l containing 20
pmol of each primer, 2.5 mM MgCl2, 1.5 mM dNTP mix, 1� PCR buffer, and
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2 units of AmpliTaq Gold (Perkin-Elmer). PCR cycles included one cycle of
95°C for 8 min followed by 35 cycles of 94°C for 30 sec, 57°C for 30 sec, and
72°C for 1 min, and a final extension step of 72°C for 5 min in a Perkin-Elmer
Gene Amp PCR system 9600. A sample of 1 �l of the first PCR amplification
product was used for a second PCR amplification with primers (forward
primer, 5�-AGGTGCCTCCACAGTC-3�; reverse primer, 5�-GTGTGTGC-
CCATCCGCTCT-3�) under the same condition as the first PCR. The amplified
products were analyzed by electrophoresis on a 1.5% agarose gel. DNA bands
corresponding to the normal and abnormal size WWOX transcripts were
excised from the gel, purified using the QIAquick gel extraction kit (QIA-
GEN), and sequenced on the Applied Biosystems Prism 377 DNA sequencing
system. Two primer sets were designed to amplify the whole open reading
frame.

Results

LOH Analysis. To determine whether the WWOX locus undergoes
allelic loss in esophageal cancers, we searched for LOH using four
polymorphic microsatellite markers within WWOX. The loci
D16S3029, D16S3096, and D16S504 are located in intron 8, and
D16S518 is exon 1. All of the 36 cases were informative for at least
one of the loci examined, and in 14 cases (39%) we detected LOH; 11
cases showed LOH at all of the informative loci examined and 3 cases
revealed partial deletions of the WWOX locus. Fig. 1 shows the results
of LOH analysis in these 14 cases. Case 8 retained heterozygosity at
the D16S518 locus, but showed LOH in the region distal to
D16S3029. Cases 7 and 37 retained heterozygosity at the D16S518

and the D16S3029 locus but showed LOH in the region distal to
D16S3096.

Mutation Analysis. To determine whether the WWOX gene was
the target of functional inactivation in esophageal squamous cell
carcinoma, we screened for somatic mutations of the WWOX gene by
direct sequencing of PCR products of all WWOX exons in tumor and
normal counterpart for each cancer. One somatic missense mutation
was detected in 36 cases (Table 1). In case 26, the tumor DNA showed
a T to C transition at the second nucleotide of codon 291 and resulted
in a Leucine to Proline substitution (Fig. 2B). This case also showed
allelic loss at the WWOX locus (Fig. 2A).

Aberrant WWOX Gene Transcripts. We observed that WWOX
mRNA expression was undetectable in our samples by Northern blot
analysis (data not shown). Therefore, we performed RT-PCR analysis
to detect the WWOX expression. Two cases (cases 12 and 51) showed
aberrant transcript plus normal-sized WWOX RT-PCR product (Fig.
2C), and sequence analysis of aberrant transcript showed deletion of
exons 6–8 in both cases (Table 1). In one case (case 31), no WWOX
transcript was detected (Table 1). The remaining cases showed only
normal-sized transcript.

Discussion

In the present study, mutation analysis revealed one missense
mutation among DNAs from 36 esophageal squamous cell carcino-
mas. Although infrequent, our findings represent the first report of a
WWOX somatic missense mutation in esophageal squamous cell car-
cinoma. In this tumor in which we identified somatic missense mu-

Fig. 1. LOH analysis of WWOX gene locus in esophageal squamous cell carcinoma. All
of the patients with allelic loss at least at one locus are shown. F, loss of an allele; E,
retention of both alleles; —, not informative (homozygosity).

Table 1 Summary of alteration to WWOX

Sample Exon Codon Mutation LOH

26 8 291 CTG(Leu) to CCG(Pro) �

Sample RT-PCR Aberrant product

12 Normal � Aberrant Exon 6–8 deletion
31 Absent
51 Normal � Aberrant Exon 6–8 deletion

Fig. 2. Analysis of WWOX gene in esophageal squamous cell
carcinoma. A, representative LOH analysis of case 26 at the
D16S518 locus. Microsatellite locus is identified below chromat-
ogram. T, tumor; N, corresponding normal tissue. Case 26 shows
LOH at D16S518. B, case 26 represents a somatic missense
mutation of T to C transition at codon 291, resulting in a change
from Leu to Pro. N, normal tissue; T, tumor. C, representative
RT-PCR analysis from two cases, cases 12 and 51. GAPDH
amplification served as a control for cDNA quality. N, normal
tissue; T, tumor; nc, negative control.
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tation, we demonstrated that both alleles of the WWOX gene were
inactivated as a combination of tumor-specific mutation and LOH of
WWOX gene locus. These results suggest that WWOX gene alterations
may play a role in the esophageal squamous cell carcinogenesis via a
two-hits mechanism, as proposed by Knudson (17). Several studies
have suggested that 16q23-24 contains a candidate tumor suppressor
gene involved in various tumor types (8–10). The WWOX gene, a
recently cloned novel candidate tumor suppressor gene in this region,
is also at a common fragile site, FRA16D (4–7). Our studies showed
a high frequency of LOH at the WWOX locus in esophageal squamous
cell carcinomas. In our three cases, microsatellite markers within
intron 8 of WWOX showed LOH at least at one locus with retention of
two alleles at the locus exon 1 (D16S518). Interestingly, Bednarek et
al. (4) reported that the intron 8 region appears to be an area prone to
breakage within FRA16D. Tumor suppressor genes are inactivated by
genetic or epigenetic changes such as point mutations, deletions,
promoter methylation, aberrant splicing, deregulation of imprinting,
and haploinsufficiency.

Recently, Bednarek et al. (7) have reported the expression of
abnormal WWOX gene transcripts missing exon 6–8 in more than
30% of breast cancer. We observed such aberrant WWOX transcripts
in two esophageal squamous cell carcinoma cases. The WWOX so-
matic mutation in our study was detected in exon 8. Interestingly,
exons 6–8 of WWOX gene encode the major portion of the enzymatic
WWOX domain (4).

FHIT is a tumor suppressor gene that encompasses the most com-
mon fragile site, FRA3B (11, 18). Interestingly, the WWOX shows
some similarities with the FHIT gene; for example: (a) both genes are
larger than 1 Mb and encompass fragile sites; (b) both genes show
frequent allelic loss region in various human cancers; (c) both span a
region of homozygous deletion in multiple cancers; and (d) both
frequently show aberrant transcripts (6, 7, 18). Our data indicate that
the WWOX gene could act as a tumor suppressor in esophageal
squamous cell carcinoma. In some cases, the WWOX gene is inacti-
vated by two-hits, including allelic loss and point mutation, and the
normal function of WWOX gene may be altered by different genetic or
epigenetic mechanisms.

References

1. Roth, M. J., Hu, N., Emmert-Buck, M. R., Wang, Q. H., Dawsey, S. M., Li, G., Guo,
W. J., Zhang, Y. Z., and Taylor, P. R. Genetic progression and heterogeneity
associated with the development of esophageal squamous cell carcinoma. Cancer
Res., 61: 4098–4104, 2001.

2. Harada, H., Tanaka, H., Shimada, Y., Shinoda, M., Imamura, M., and Ishizaki, K.
Lymph node metastasis is associated with allelic loss on chromosome 13q12–13 in
esophageal squamous cell carcinoma. Cancer Res., 59: 3724–3729, 1999.

3. Daigo, Y., Nishikawa, T., Kawasoe, T., Tamari, M., Tsuchiya, E., and Nakamura, Y.
Molecular cloning of a candidate tumor suppressor gene, DLC1, from chromosome
3p21.3. Cancer Res., 59: 1966–1972, 1999.

4. Bednarek, A. K., Laflin, K. J., Daniel, R. L., Liao, Q., Hawkins, K. A., and Aldaz,
C. M. WWOX, a novel WW domain-containing protein mapping to human chromo-
some 16q23.3-24.1, a region frequently affected in breast cancer. Cancer Res., 60:
2140–2145, 2000.

5. Paige, A. J. W., Taylor, K. J., Stewart, A., Sgouros, J. G., Gabra, H., Sellar, G. C.,
Smyth, J. F., Porteous, D. J., and Watson, J. E. V. A 700-kb physical map of a region
of 16q23.2 homozygously deleted in multiple cancers and spanning the common
fragile site FRA16D. Cancer Res., 60: 1690–1697, 2000.

6. Paige, A. J. W., Taylor, K. J., Taylor, C., Hillier, S. G., Farrington, S., Scott, D.,
Porteous, D. J., Smyth, J. F., Gabra, H., and Watson, J. E. V. WWOX: a candidate
tumor suppressor gene involved in multiple tumor types. Proc. Natl. Acad. Sci. USA,
98: 11417–11422, 2001.

7. Bednarek, A. K., Keck-Waggoner, C. L., Daniel, R. L., Laflin, K. J., Bergsagel, P. L.,
Kiguchi, K., Brenner, A. J., and Aldaz, C. M. WWOX, the FRA16D gene, behaves as
a suppressor of tumor growth. Cancer Res., 61: 8068–8073, 2001.

8. Chen, T., Sahin, A., and Aldaz, C. M. Deletion map of chromosome 16q in ductal
carcinoma in situ of the breast: refining a putative tumor suppressor gene region.
Cancer Res., 56: 5605–5609, 1996.

9. Carter, B. S., Ewing, C. M., Ward, W. S., Treiger, B. F., Aalders, T. W., Schalken,
J. A., Epstein, J. I., and Isaacs, W. B. Allelic loss of chromosome 16q and 10q in
human prostate cancer. Proc. Natl. Acad. Sci. USA, 87: 8751–8755, 1990.

10. Kuroki, T., Fujiwara, Y., Tsuchiya, E., Nakamori, S., Imaoka, S., Kanematsu, T., and
Nakamura, Y. Accumulation of genetic changes during development and progression
of hepatocellular carcinoma: loss of heterozygosity of chromosome arm 1p occurs at
an early stage of hepatocarcinogenesis. Genes Chromosomes Cancer, 13: 163–167,
1995.

11. Ohta, M., Inoue, H., Cotticelli, M. G., Kanstury, K., Baffa, R., Palazzo, J., Siprashvili,
Z., Mori, M., McCue, P., Druck, T., Croce, C. M., and Huebner, K. The FHIT gene,
spanning the chromosome 3p14.2 fragile site and renal carcinoma-associated t(3;8)
breakpoint, is abnormal in digestive tract cancers. Cell, 84: 587–597, 1996.

12. Mori, M., Mimori, K., Shiraishi, T., Alder, H., Inoue, H., Tanaka, Y., Sugimachi, K.,
Huebner, K., and Croce, C. M. Altered expression of Fhit in carcinoma and precar-
cinomatous lesions of the esophagus. Cancer Res., 60: 1177–1182, 2000.

13. Yakicier, M. C., Legoix, P., Vaury, C., Gressin, L., Tubacher, E., Capron, F., Bayer,
J., Degott, C., Balabaud, C., and Zucman-Rossi, J. Identification of homozygous
deletions at chromosome 16q23 in Aflatoxin B1 exposed hepatocellular carcinoma.
Oncogene, 20: 5232–5238, 2001.

14. Morita, M., Kuwano, H., Ohno, S., Sugimachi, K., Seo, Y., Tomoda, H., Furusawa,
M., and Nakashima, T. Multiple occurrence of carcinoma in the upper aerodigestive
tract associated with esophageal cancer: reference to smoking, drinking and family
history. Int. J. Cancer, 58: 207–210, 1994.

15. Mori, M., Shiraishi, T., Tanaka, S., Yamagata, M., Mafune, K., Tanaka, Y., Ueo, H.,
Barnard, G. F., and Sugimachi, K. Lack of DMBT1 expression in esophageal, gastric
and colon cancer. Br. J. Cancer, 79: 211–213, 1999.

16. Ishii, H., Baffa, R., Numata, S., Murakumo, Y., Rattan, S., Inoue, H., Mori, M.,
Fidanza, V., Alder, H., and Croce, C. M. The FEZ1 gene at chromosome 8p22
encodes a leucine-zipper protein, and its expression is altered in multiple human
tumors. Proc. Natl. Acad. Sci. USA, 96: 3928–3933, 1999.

17. Knudson, A. G. Hereditary cancer, oncogenes, and antioncogenes. Cancer Res., 45:
1437–1443, 1985.

18. Croce, C. M., Sozzi, G., and Huebner, K. Role of FHIT in human cancer. J. Clin.
Oncol., 17: 1618–1624, 1999.

2260

ALTERATION OF WWOX IN ESOPHAGEAL SQUAMOUS CELL CARCINOMA

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/62/8/2258/2502286/ch0802002258.pdf by guest on 24 August 2022


