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ABSTRACT Cathepsin B (CTSB) is overexpressed in tu-
mors of the lung, prostate, colon, breast, and stomach. How-
ever, evidence of primary genomic alterations in the CTSB
gene during tumor initiation or progression has been lacking.
We have found a novel amplicon at 8p22–23 that results in
CTSB overexpression in esophageal adenocarcinoma. Ampli-
fied genomic NotI–HinfI fragments were identified by two-
dimensional DNA electrophoresis. Two amplified fragments
(D4 and D5) were cloned and yielded unique sequences. Using
bacterial artificial chromosome clones containing either D4 or
D5, f luorescent in situ hybridization defined a single region of
amplification involving chromosome bands 8p22–23. We in-
vestigated the candidate cancer-related gene CTSB, and po-
tential coamplified genes from this region including farnesyl-
diphosphate farnesyltransferase (FDFT1), arylamine N-
acetyltransferase (NAT-1), lipoprotein lipase (LPL), and an
uncharacterized expressed sequence tag (D8S503). Southern
blot analysis of 66 esophageal adenocarcinomas demonstrated
only CTSB and FDFT1 were consistently amplified in eight
(12.1%) of the tumors. Neither NAT-1 nor LPL were amplified.
Northern blot analysis showed overexpression of CTSB and
FDFT1 mRNA in all six of the amplified esophageal adeno-
carcinomas analyzed. CTSB mRNA overexpression also was
present in two of six nonamplified tumors analyzed. However,
FDFT1 mRNA overexpression without amplification was not
observed. Western blot analysis confirmed CTSB protein
overexpression in tumor specimens with CTSB mRNA over-
expression compared with either normal controls or tumors
without mRNA overexpression. Abundant extracellular ex-
pression of CTSB protein was found in 29 of 40 (72.5%) of
esophageal adenocarcinoma specimens by using immunohis-
tochemical analysis. The finding of an amplicon at 8p22–23
resulting in CTSB gene amplification and overexpression
supports an important role for CTSB in esophageal adeno-
carcinoma and possibly in other tumors.

Esophageal adenocarcinoma is associated with a poor prog-
nosis with a 5-year survival rate of ,5%, (1) and of impor-
tance, the incidence of this disease has increased 100% during
the past 20 years (2). The major risk factor for the development
of esophageal adenocarcinoma is the replacement of the
squamous epithelium of the distal esophagus with a metaplas-
tic columnar epithelium known as Barrett’s esophagus (3).
This metaplastic epithelium is present in 10–12% of patients
with symptomatic esophageal reflux of gastric and intestinal
contents (4). Focal regions of dysplasia may develop in Bar-
rett’s esophagus, and esophageal adenocarcinomas are often

observed to arise within this epithelium, establishing Barrett’s
esophagus as a premalignant lesion (3).

The cysteine protease cathepsin B (CTSB) gene, which maps
to 8p22 (5), is a lysosomal enzyme that has been shown to be
overexpressed or exhibit altered localization in tumors of the
lung, colon, prostate, breast, and stomach (reviewed in refs. 6
and 7). Overexpression andyor altered localization of CTSB is
thought to result in degradation of the basement membrane
facilitating tumor invasion and metastasis (8). Other studies
have shown altered expression of CTSB is an independent
predictor of poor prognosis in tumors of the lung, colon, and
breast (9–11). However, there has been a lack of evidence for
primary genomic alterations involving CTSB.

In the present study, two-dimensional (2D) DNA electro-
phoresis was used to identify amplified restriction-fragments in
specimens of esophageal adenocarcinoma. Two such frag-
ments were cloned from an early stage tumor and were found
to map to chromosome bands 8p22–23, thus identifying a
previously undescribed amplicon. Amplification and expres-
sion of CTSB and additional known genes from this region
were examined to determine potential associations of overex-
pression of these genes with esophageal cancer. We demon-
strate the occurrence of CTSB gene amplification in a subset
of esophageal adenocarcinomas, which overexpress CTSB.

MATERIALS AND METHODS

Patients and Tissues. After obtaining written consent, spec-
imens of normal squamous esophagus and esophageal adeno-
carcinoma from 66 patients including the Barrett’s metaplasia
from 20 of these patients were obtained after esophagectomy
at the University of Michigan Medical Center from 1992 to
1997. A portion of each tissue was immediately frozen in liquid
nitrogen, and a second portion was embedded in OCT com-
pound (Miles Scientific, Naperville, IL), frozen in isopentane
cooled to the temperature of liquid nitrogen, and then stored
at 270°C.

2D DNA Electrophoresis. High molecular weight DNA for
2D gel electrophoresis was extracted as described (12). 2D
electrophoresis was performed as described (13). In brief,
DNA from control and tumor tissues was digested with the
methylation sensitive restriction enzyme NotI, end-labeled
with [a-32P]dCTP and [a-32P]dGTP (DuPontyNEN), and fur-
ther digested with EcoRV. The resulting fragments were
size-fractionated in the first dimension in 32-cm 0.9% disc-
agarose-gels. The separated DNA fragments were further
digested in situ with the HinfI restriction enzyme, and the DNA
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was further size-fractionated in the second dimension in large
format (25 3 43 cm) 5.25% polyacrylamide gels. The gels were
either dried and autoradiographic images obtained by phos-
phor storage technology (Molecular Dynamics) or left hy-
drated and placed on Hyperfilm (Amersham) for preparative
gels. Digitized images were analyzed by using software previ-
ously developed (13). The level of DNA amplification for
specific fragments was estimated by densitometry using
nonamplified, two-copy spot level intensities from normal
tissue DNA as standards.

Isolation and Cloning of Amplified Fragments from 2D
Gels. Amplified fragments were cloned directly from prepar-
ative gels as described (14). In brief, the DNA fragment of
interest was recovered by elution with a high-salt buffer (50
mM TriszHCl pH 8.0, 1 M NaCl, 10 mM EDTA) and ligated
in the presence of DNA ligase at 16°C for 40 h into a modified
NotI–HinfI fragment compatible Bluescript SK1 vector di-
gested with SapI and NotI. Transformation of competent cells
was performed by electroporation. DNA sequence determi-
nation of the NotI–HinfI fragments was performed by auto-
mated sequence analysis (Applied Biosystems) at the DNA
Sequencing Core Facility of The University of Michigan.

Identification of Bacterial Artificial Chromosome (BAC)
Clones. BAC clones that contained the amplified fragment
sequences were identified by PCR-based probing of a human
BAC library as specified by the supplier (Research Genetics,
Huntsville, AL). The fragment-specific primers for the D4
fragment were 59-AGGGGAGCGGAGAGAAG-39 and 59-
AGGGGACGAGCAGGAAC-39, and for the D5 fragment,
the specific primers were 59-TCAGCACTCAACACCTTC-39
and 59-GGGTTGTTCGATTTCAGG-39. Amplifications
were performed in a 25 ml of reaction volume by using Taq
polymerase (Promega) and 2 ml of pooled BAC library DNA
in a mixture containing 0.75 pM of each primer, 0.15 mM each
of dATP, dCTP, dGTP, and dTTP (Perkin–Elmer), 2.0 mM
MgCl2, and 1.2% formamide. The mixtures were denatured at
94°C for 2 min, followed by 30 thermal cycles with each cycle
representing 30 sec at 94°C and 30 sec at 62°C for D4-specific
primers and 56°C for D5-specific primers and 30 sec at 72°C.
The presence of an amplification product was determined by
size fractionation in a 2% agarose gels containing ethidium
bromide.

Fluorescent in Situ Hybridization (FISH). Individual BAC
and YAC clones were initially mapped by using procedures
previously described (15). In brief, total DNA from BACs
393H12 and 538D6 containing the D4 and D5 fragments,
respectively, and YAC 725C12 containing CTSB (Research
Genetics) were labeled with biotin and hybridized to normal
human metaphase chromosome spreads in the presence of
human Cot-1 DNA. Probes were detected with FITC-
conjugated avidin and FITC-conjugated anti-avidin (Vector
Laboratories).

Two color FISH mapping was performed by using a mod-
ification of the procedure of Wilke et al. (16). The D4 and D5
BACs labeled with biotin and the CTSB YAC labeled with
digoxygenin were simultaneously hybridized to normal human
metaphase chromosomes cultured in the presence of BrdUrd
for enhancement of chromosome banding (17). The biotin-
labeled probes were detected with FITC-conjugated avidin
and FITC-conjugated anti-avidin, and the digoxygenin-labeled
probe was detected with rhodamine-conjugated anti-
digoxygenin and Texas-red conjugated anti-sheep IgG (Vector
Laboratories). The chromosomes were counterstained with
49,6-diamidino-2-phenylindole (DAPI). Analysis was per-
formed by using a Zeiss Axioscope epifluorescence micro-
scope equipped with a Zeiss triple band set, allowing simul-
taneous visualization of FITC, Texas Red, and DAPI. Images
for publication were captured digitally with a Photometrics
CCD camera, processed on a MAC Quadra 900 computer with

PHOTOSHOP software (Adobe Systems, San Jose, CA), and
printed on a Kodak XLS 8600 PS Printer.

Probes. The CTSB, farnesyl-diphosphate farnesyltransferase
(FDFT1), and arylamine N-acetyltransferase (NAT-1) probes
were generated by reverse transcription–PCR using primer pairs
designed from the published cDNA sequences (18–20). The
CTSB primers were: 59-GGGGACGGCTGTAATGGT-39
and 59-AGAAGCCATTGTCACCCCAG-39, the FDFT1
primers were: 59-GCGGAAGGTGATGCCCAAGA-39 and
59-TCCGACCAGCCCAGCAACAT-39, and the NAT-1 prim-
ers were: 59-TTTCGTTTTGTTTTCCTTGCTT-39 and
59GTTGGGTTCTGATTTGGTCT-39. Ten micrograms of
total RNA from esophageal tissues was reverse transcribed as
described (21). PCR conditions for both CTSB and FDFT1
cDNA amplification were 35 cycles of 94°C for 30 sec, 57°C for
30 sec, and 72°C for 30 sec. Products were size-fractionated in
1% agarose gels with ethidium bromide. Lipoprotein lipase
(22), (LPL) (Consortium clone number 612741, Research
Genetics) and the expressed sequence tag (EST) clone number
yn69e08.sl (GenBank accession no. H22460) were used as
probes after inserts were released by restriction digestion and
purified by electro-elution. The EST was previously mapped to
the chromosomal marker D8S503. Identity of probes was
confirmed by automated DNA sequence analysis. A cDNA
representing the single-copy gene chemokine-like receptor 1
(CMKLR1) (generous gift of Dr. Ira Gantz; ref. 23) was used
to probe membranes as a control for loading and transfer of
DNA. Probes were radiolabeled with [a-32P]dCTP (Duponty
NEN) by using a random primer kit (Life Technologies,
Gaithersburg, MD).

Southern and Northern Blot Analysis. Genomic DNA was
isolated from tissues and purified as described (12), digested
with EcoRI (Promega), size-fractionated on 0.9% agarose gels
containing ethidium bromide, and vacuum-transferred to ny-
lon membranes. Total RNA was extracted by using the Trizol
reagent (Life Technologies) as recommended by the supplier.
Sample RNA (10 mg) was size-fractionated in 1.2% agarosey
2.2 M formaldehyde gels and vacuum-transferred to nylon
membranes.

Membranes were hybridized and washed as described (21).
Phosphor storage technology (Molecular Dynamics) was used
for signal detection. Normalization for DNA loading and
transfer was obtained by using a ratio of each individual
probeyCMKLR1 obtained by computerized densitometry
(Molecular Dynamics). An increase in signal intensity ratio of
3-fold or greater in the tumor compared with that in the
normal control tissue was considered as representing gene
amplification. Normalization for RNA loading and transfer
was obtained by using a 32P-labeled ribosomal 28S oligomer
described (24).

Western Blot Analysis. Total tissue protein was extracted in
a buffer containing Nonidet P-40 as described (21). Ten
micrograms of total protein extract was fractionated by 12%
SDSyPAGE and transferred to nylon membranes. The CTSB
protein was detected with a anti-CTSB polyclonal antibody
(K90049C, Biodesign International, Kennebunk, ME) at a
1:750 dilution and followed by incubation with a peroxidase-
conjugated secondary antibody at a 1:20,000 dilution (ICN
Biomedicals, Aurora, OH). Enhanced chemilumnescence
(Pierce) and Hyperfilm (Amersham) were used for detection.
After stripping the membranes as previously described (21),
the membranes were probed with an anti-b-actin antibody
(Sigma), which served as a control for loading and transfer of
total protein.

Immunohistochemistry. Frozen specimens were sectioned
at 5 mm, placed on 0.1% poly-L-lysine-coated slides, and fixed
in 100% acetone at 220°C for 10 min. Endogenous peroxidase
activity was quenched with two changes of 0.5% hydrogen
peroxide for 45 min each. Nonspecific binding was blocked
using a 1:20 dilution of rabbit serum (Vector Laboratories) in
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PBS-1% BSA. The CTSB protein was detected by using the
anti-CTSB antibody (Biodesign International) at a 1:1500
dilution in PBS-1% BSA. On each slide, a negative control of
either no primary antibody or sheep serum diluted 1:1500 in
PBS-1% BSA was used to identify potential nonspecific stain-
ing. Immunoreactivity was detected by using the Vectastain
avidinybiotin complex kit (Vector Laboratories) according to
the manufacturers specifications by using 3,39-diamino-
benzadine (Sigma) as the chromogen. The slides were lightly
counterstained with Harris-modified hematoxylin and perma-
nently mounted. Staining was analyzed by two independent
observers by using light microscopy.

RESULTS AND DISCUSSION

Identification and Cloning of Amplified Restriction Frag-
ments. DNA from 66 patients’ normal esophagus and esoph-
ageal adenocarcinomas were analyzed by Southern blot anal-
ysis for amplification of the erbB2, epidermal growth factor
receptor (EGFR), c-myc, and K-ras genes (unpublished data).
Adenocarcinoma specimens not demonstrating amplifications
of these known proto-oncogenes (23 patients) were selected
for 2D DNA electrophoresis, so as to improve the probability
that identified amplified restriction fragments would represent
sequences of previously undescribed amplicons.

Amplified restriction-digest fragments observed in the 2D
patterns of tumor DNA were identified and their intensity
determined by computer-assisted densitometry. Amplified
fragments were cataloged by using both the estimated NotI–
EcoRV and NotI–HinfI fragment lengths. One stage I esoph-
ageal adenocarcinoma, of particular interest because this
tumor resulted in a worse-than-expected prognosis, demon-
strated five amplified restriction fragments. Two NotI–HinfI
fragments (D4 and D5), each amplified '20-fold in compar-
ison with control tissue, were extracted from a preparative gel
by using DNA from this tumor, and cloned into a NotI–HinfI
fragment compatible, Bluescript SK1 vector (Fig. 1). Southern
blot analysis of DNA from this patient by using the D4 and D5
fragments as probes confirmed both fragments to be amplified
20-fold.

Sequence analysis of the 716-bp NotI–HinfI D4 fragment
showed it to be GC-rich and to contain an Alu repetitive
element. The 598-bp NotI–HinfI D5 fragment contained a long
terminal repeat repetitive sequence. A computer-based query
of the D4 and D5 sequences against genomic and EST
sequence databases showed that neither fragment shared
homology with previously described sequences. For further
sequence analysis, and because the D4 and D5 fragments were
of sub-optimal length as probes for FISH analysis to determine
the chromosomal location of the fragments, larger genomic
clones containing the D4 and D5 sequences were isolated.

Identification of BAC Clones and the Chromosomal Loca-
tion of the D4 and D5 Fragments. A BAC library was used as
a source of genomic DNA clones. PCR-based screening of the
BAC library with primers specific for the D4 and the D5
fragments identified representative BAC clones for each frag-
ment. The BAC clone 393H12 was confirmed to contain the
D4 fragment, and the BAC clone 538D6 was confirmed to
contain the D5 fragment by Southern blot analysis of NotI–
EcoRV digested BAC DNA. Reciprocal hybridization of the
BAC Southern blots indicated no homology between the BAC
clones.

The BAC clones were used as probes for FISH to normal
chromosomes. The D4 BAC mapped at chromosome band
8p22 and the D5 BAC mapped at chromosome band 8p23 (Fig.
2). This finding and the similar copy number for both frag-
ments suggested the D4 and D5 fragments were part of a single
amplicon at 8p22–23. An amplicon in this chromosomal region
has not been previously reported.

Identification of Genes Encompassed in the 8p22–23 Am-
plicon. To determine whether this amplification event was
unique to this single tumor or present in other tumors,
Southern blot analysis of DNA from 66 patients specimens of
normal and tumor tissues was performed by using the D4 and
D5 fragments as probes. Amplification of the D4 fragment was
identified in 1 of 66 (1.5%), and amplification of the D5
fragment was identified in 2 of 66 (3.0%) of the esophageal
adenocarcinomas (Fig. 3).

Genes previously mapped to the 8p22–23 region were
examined as candidate genes encompassed in the amplicon
(ref. 5 and National Center for Biotechnology Information

FIG. 1. 2D DNA electrophoresis gels from esophageal squamous epithelium of NotI–EcoRV fragments 100–5,000 bp in size (A) and
NotI–EcoRV fragments 5,000–10,000 bp in size (B). In normal controls, spots of increased intensity as compared with the intensity of spots from
two-copy fragments represent multiple copy ribosomal DNA fragments. This technique allows analysis of over 6,000 genomic fragments. (C)
Enlargement of a portion of two regions of larger fragment images comparing spot patterns from normal control tissue and esophageal
adenocarcinoma DNA from the same patient. The fragments labeled D4 and D5 demonstrate an '20-fold amplification in the tumor and were
subsequently extracted from a preparative gel and cloned.
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Gene Map: http:yywww.ncbi.nlm.nih.govygenemap). The cys-
teine protease CTSB, a gene that has been associated with
malignancy, was considered to be an excellent candidate
cancer-related gene encompassed in the 8p22–23 amplicon. It
also was likely that the 8p22–23 amplicon contained multiple
genes. The erbB2 amplicon is known to contain several genes,
most of which are overexpressed as a result of amplification
(25, 26). Other previously characterized gene loci from the
8p22–23 region were evaluated for amplification and overex-
pression and included: farnesyl-diphosphate farnesyltrans-
ferase (FDFT1), an enzyme involved in cholesterol synthesis
(19); NAT-1, an enzyme involved in the metabolism of aro-
matic amines, hydrazines, and N-hydroxylamines (27, 28); and
LPL, an enzyme that catalyzes the hydrolysis of triglycerides
(22). For the initial characterization of the 8p22–23 amplicon,
investigation was limited to the evaluation of these character-
ized genes and one uncharacterized EST mapped to this
region.

Southern blot analysis of 66 esophageal adenocarcinomas
using the above described probes demonstrated amplification
of both CTSB and FDFT1 in eight (12.1%) of the tumors (Fig.
3). The level of amplification ranged from 4- to 20-fold for both
genes. Twenty cases of Barrett’s esophagus also were examined
from these patients. Low-level (4-fold) CTSB and FDFT1
amplification was only observed in one specimen of dysplastic
Barrett’s esophagus from whose adenocarcinoma DNA the D4
and D5 fragments were cloned (D06). Neither NAT-1 nor LPL
were amplified in any of the tumors, suggesting these genes are
not part of this amplicon. An uncharacterized EST (D8S503)
mapped to a region telomeric to CTSB was found to be
amplified in only three of seven tumors showing CTSB am-
plification. These analyses narrowed the region of most fre-
quent amplification to an '5–14 cM region flanking the CTSB
and FDFT1 loci (Fig. 4). Given the established role of CTSB
in tumorigenesis in other tissues, these data suggested that
CTSB is a candidate gene whose amplification may play a role
in esophageal adenocarcinoma tumorigenesis.

CTSB Is Overexpressed in Tumors with 8p22–23 Amplifi-
cation. To determine whether gene amplification is associated
with overexpression of CTSB and FDFT1 mRNA, Northern

blot analysis of 12 patients’ specimens (six amplified and six
without amplification) was performed. Overexpression of
CTSB and FDFT1 mRNA was detected in six of six (100%) of

FIG. 2. FISH to normal human chromosomes by using a BAC
representative of the D4 fragment (centromeric green band) and a
BAC representative of the D5 fragment (telomeric green band)
defines the location of a previously undescribed amplicon at 8p22–23.
Cohybridization with a YAC containing the CTSB gene (red band)
demonstrates the CTSB locus in relation to the D4 and D5 loci.

FIG. 3. Southern blot analysis of DNA from three patients spec-
imens of normal squamous esophagus (N) and esophageal adenocar-
cinoma (T) hybridized with CTSB, FDFT1, and NAT-1 cDNA probes
demonstrating 20-fold amplification of CTSB and FDFT1 genes in
tumor (D06). The NAT-1 gene was not amplified in any of the 66
esophageal adenocarcinomas analyzed.

FIG. 4. Summary of Southern blot data demonstrating amplifica-
tion of 8p loci in esophageal adenocarcinomas. Bars at right indicate
the loci amplified in the seven tumors studied with all probes. Mapping
data for CTSB, FDFT1, LPL, NAT-1, and D8S503 were taken from the
human chromosome 8 Gene Map of the National Center for Biotech-
nology Information (http:yywww.ncbi.nih.govygenemap). The D4 lo-
cus was mapped by FISH and by radiation hybrid panel analysis to 29
cM. The D5 locus was mapped by FISH to 8p23.2.
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the amplified esophageal adenocarcinomas (Fig. 5). Impor-
tantly, CTSB mRNA overexpression was present in two of six
(33%) of nonamplified tumors; however, FDFT1 mRNA over-
expression without amplification was not observed. CTSB and
FDFT1 mRNA overexpression also was observed in 1 of 20
(5%) of specimens of Barrett’s esophagus. This specimen
showed low-level amplification of the D4 and D5 fragments
and suggests amplification of the 8p22 region occurs infre-
quently in Barrett’s metaplasia. Amplification in a stage I
esophageal adenocarcinoma suggests that amplification may
occur early in tumorigenesis. This data also showed that
amplification of the CTSB and FDFT1 gene loci was associated
with overexpression of CTSB and FDFT1 mRNA. Further-
more, overexpression of CTSB mRNA, but not FDFT1 mRNA,
may occur by a mechanism(s) other than amplification. This
finding indicates that overexpression of the CTSB candidate
gene may drive selection for the 8p22–23 amplicon.

Overexpression of FDFT1 appeared to be associated only
with gene amplification and therefore its overexpression is less
likely to be causally associated with malignancy. The FDFT1
promoter contains two potential nuclear factor (NF)-1-binding
sites, two steroid receptor element-1 elements, two Sp1 pro-
moter elements, and one CCAAT box (29). The presence of
both housekeeping-promoter activity and inducible-promoter
activity suggests that gene amplification could be expected to

result in mRNA overexpression. The overexpression of FDFT1
likely results from inclusion within the CTSB amplicon.

Analysis of CTSB Protein Expression. We next evaluated
CTSB protein levels because elevated mRNA levels do not
necessarily correlate with high protein levels. The regulation of
CTSB expression in other tumor types is poorly understood but
may include alternative mRNA splicing, the use of different
promoter regions, post-translational protein modification re-
sulting in overexpression, and altered trafficking of the protein
resulting in increased protease activity and extra-lysosomal
expression (6). Evaluation of CTSB protein levels in esopha-
geal tissues was performed by using Western blot analysis of
total protein extracts using a commercially available polyclonal
anti-CTSB antibody. The specificity of this antibody and any
potential quantitative differences in CTSB protein levels in the
normal squamous esophagus, Barrett’s metaplasia, and tumors
from the same patients were evaluated. Western blot analysis
identified CTSB-specific bands similar to those previously
reported (10) with a doublet band of '27 kDa in size observed
in all esophageal tissue types (Fig. 6). The smaller of the two
bands represents the single chain form of CTSB (10) and was
found to be increased in tumor specimens compared with
normal controls. A larger band of '33 kDa in size was
observed only in tumors containing the 8p22–23 amplicon.

FIG. 5. Northern blot analysis of total RNA from normal squa-
mous esophagus (N), Barrett’s esophagus (B), and esophageal ade-
nocarcinoma (T) specimens hybridized with CTSB and FDFT1 cDNA
probes. CTSB mRNA is overexpressed in tumors identified to contain
the 8p22–23 amplicon (D06 and H70) as well as a tumor not containing
the amplicon (R61). FDFT1 mRNA is only overexpressed in tumors
containing the 8p22–23 amplicon.

FIG. 6. Western blot analysis of total protein extract from normal
squamous esophagus (N), Barrett’s esophagus (B), and esophageal
adenocarcinoma (T) specimens probed with a polyclonal anti-CTSB
antibody. A 27-kDa doublet band is identified in all specimens. The
lower Mr band comprising this doublet is more abundant in tumor
specimens. A higher Mr band, associated with extracellular expression
of CTSB protein, also is identified in the tumor specimens.

FIG. 7. Immunohistochemical analysis for CTSB protein expression. (A) Esophageal adenocarcinoma specimen incubated with sheep serum
served as a negative control. (B) The squamous epithelium of the esophagus demonstrates faint cytoplasmic staining for CTSB protein expression
predominantly in the basal proliferative zone of the epithelium. (C) The columnar cells of Barrett’s esophagus demonstrate CTSB protein primarily
localized to the apical region of the columnar cells (arrow). In contrast, CTSB protein is identified diffusely throughout the cytoplasm in regions
of dysplasia (double arrows) within Barrett’s esophagus specimens. (D) Esophageal adenocarcinoma specimens stain heterogeneously for CTSB
protein in a diffuse cytoplasmic pattern. (E) Extracellular CTSB expression (arrows) was identified in 29 of 40 (72.5%) of the esophageal
adenocarcinoma specimens. (original magnifications, 3200).
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Higher Mr forms of CTSB have been shown to be associated
with extracellular expression of CTSB (8). These studies
demonstrated that CTSB gene amplification and mRNA over-
expression result in a substantial increase in CTSB protein,
including the occurrence of higher Mr forms that may be
associated with extracellular expression of CTSB in tumors.

We evaluated CTSB protein localization by immunohisto-
chemical analysis of 40 esophageal adenocarcinoma, 14 Bar-
rett’s metaplasia, and 4 squamous esophageal epithelium
specimens. The absence of staining in control sections con-
firmed specificity of staining with anti-CTSB antibody. Low-
level, but detectable CTSB protein was observed throughout
the cytoplasm of esophageal squamous epithelium (Fig. 7). A
pattern of expression similar to that observed in normal colon
epithelium (10) was seen in the columnar cells of Barrett’s
metaplasia with CTSB protein located in the apical region of
the cells. In regions of Barrett’s esophagus determined to be
dysplastic due to loss of goblet cell formation, and the presence
of stratified and atypic nuclei, immunostaining of CTSB was
observed throughout the cytoplasm. It is unclear whether this
staining represents extra-lysosomal expression of the protein
or a loss of normal cell architecture and altered localization of
lysosomes in dysplastic cells.

The pattern of diffuse cytoplasmic staining also was iden-
tified in all the specimens of esophageal adenocarcinoma, and
staining also was identified in the extracellular matrix of 29 of
40 (72.5%) of the tumor specimens. The finding of extracel-
lular expression of CTSB correlated with the identification of
higher Mr forms of the protein by Western blot analysis. CTSB
staining was heterogeneous throughout the tumor specimens,
similar to that observed in adenocarcinomas of the prostate
and lung (30, 31). CTSB protein did not localize consistently
along the basement membrane as described in colon and
prostate cancer (10, 30). Further studies are necessary to
determine how the pattern of CTSB expression in tumors with
gene amplification may differ from tumors overexpressing this
protease due to other mechanisms.

All of the patients with CTSB amplification andyor expres-
sion had poor clinical outcome. However, because most pa-
tients with esophageal adenocarcinoma also do poorly and the
small number of patients in this study, a definitive association
between CTSB amplification and survival at the present time
could not be established.

In summary, we have identified a previously undescribed
amplicon at chromosome bands 8p22–23 in esophageal ade-
nocarcinoma. We evaluated four characterized and one un-
characterized genes previously localized to this region for their
potential occurrence in the amplicon. Importantly, the cys-
teine protease CTSB for which altered expression has been
associated with malignancy in other tissues was found to be
amplified and overexpressed in esophageal adenocarcinoma,
demonstrating genomic alteration involving CTSB. These data
provide the first evidence of amplification as a mechanism for
overexpression of CTSB. These findings provide strong sup-
port for an important role for the CTSB protease in malignant
transformation andyor progression in esophageal adenocarci-
noma. Our studies suggest amplification of the CTSB gene may
be a mechanism of overexpression in other malignancies.
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