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ABSTRACT

Seventy-nine esophageal carcinoma patients were studied for genetic
abnormalities in the p53 and Kb tumor suppressor genes. Single-strand

conformation polymorphism analysis and DNA sequencing were used to
detect p53 point mutations, Northern blotting was used to examine ab
normal expression of />5.i and Kh, and polymerase chain reaction and
Southern blotting were used to analyze alleile loss. Twenty-five cases were

analyzed by DNA sequencing to detect mutations in p53. Fourteen samples
contained mutations within exons S through 9 ot'/o.); seven had missense

mutations giving rise to single amino acid substitutions. The remaining
seven (50%) contained nonsense mutations leading to premature termi
nation, five due to single base pair substitutions, and two that were the
result of frameshift mutations. In other human tumors, p53 mutations are
predominantly missense mutations, but our data as well as those from
other groups show that nonsense mutations are common in human esoph
ageal cancer. All but one of the constitutionally heterozygous samples
containing mutations also manifested loss of the normal p53 alÃele;the one
exception without allelic loss contained a silent mutation, which should not
have had any affect on the p53 protein product. In addition, Northern
blotting analysis revealed abnormalities (altered transcript size or mRNA
levels) in 5 of 7 cases involving p53 and in 2 of 7 cases analyzed for Kh.
Thirty-four cases were informative for allelic loss studies of both p53 and

Kb; of these, 25 (74%) lost heterozygosity ofp53, Rb, or both. When point
mutations and mRNA expression abnormalities were also considered, 33
of 45 (73% ) tumors informative for allelic loss assays of both genes as well
as for mRNA or point mutation studies showed one or more abnormalities
in p53 or Kh. Our results strongly suggest that a unique profile of molec
ular alterations involving p53 and Kh characterizes human esophageal
cancer and that these specific genetic lesions are important in the devel
opment and/or progression of most human esophageal carcinomas.

INTRODUCTION

A wealth of information now shows that the inactivation of tumor
suppressor genes by various genetic mechanisms is implicated in the
pathogenesis of most human tumors. Two such genes are p53 and Rb?
both of which encode nuclear proteins that play a role in the regulation
of normal cell growth. It has been shown that both p53 and Rb
associate with the transforming proteins of DNA tumor viruses. For
example, both Rb and p53 proteins associate with the simian virus 40
large T antigen (1,2). Genetic lesions in p53 occur at high frequencies
in a wide variety of human tumors (3). Inactivation of p53 can occur
through genetic mechanisms affecting one or both alÃeles.These
mechanisms include allelic loss, point mutation, gene rearrangement,
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and altered gene expression (3). p53 mutations are the most frequently
observed genetic lesions in human tumors; they tend to cluster within
exons 5 through 9 (3). It has been proposed that p53 function can also
be inactivated by mutation in a single alÃele,showing a dominant
negative effect (4). Quantitative alterations in p53 protein and mRNA
expression have also been reported in a number of human cancers
(5, 6).

Abnormalities in the Rb gene are also common in many human
malignancies. Alterations in Rb DNA structure or messenger RNA and
protein expression have been described in small cell lung cancer (7),
acute lymphoblastic (8) and chronic myelomonocytic (9) leukemias,
testicular germ-cell tumors (10), breast cancers (11), and in tumors of

the bladder or kidney (12) and prostate (13), among others.
Esophageal carcinoma is one of the most common cancers world

wide. Although the incidence of this cancer is relatively low in the
United States, it is one of the leading causes of cancer death in some
regions of Asia and Africa (14). Esophageal cancer occurs in two
major forms: squamous cell carcinoma, which is associated with
smoking and ethanol consumption (15); and adenocarcinoma, which
occurs in patients with Barrett's esophagus (16). Esophageal cancer is

also one of the most lethal cancers, with a 5-year survival rate as low

as 5% (14). The molecular pathogenesis of this cancer is just begin
ning to be understood. Ras family protooncogene mutations are very
rare in esophageal cancers (17, 18); amplification of several protoon-
cogenes is, in contrast, very common (19-22). The importance of

tumor suppressor gene loci in human esophageal cancer has been
demonstrated recently. Loss of heterozygosity involving chromosome
17p (22), the p53 gene locus (23), the Rb gene (24), and the APC/
MCC locus (25) has been reported. Point mutations in p53 were
detected in 5 of 14 primary esophageal squamous cell carcinomas as
well as in 2 of 4 squamous esophageal cancer cell lines in a recent
study (18, 26). p53 mutations were also detected in 4 patients with
Barrett's esophagus and in one with esophageal adenocarcinoma (27),
as well as in a 25-year-old man with a Barrett's-associated cancer (28).

A recent summary also described p53 mutations in esophageal cancers
(3); transversions and chain-terminating mutations were very frequent

in this group, although they were rare in other types of cancer. A study
including tumors from a different geographic area by the same re
search group described 5 premature termination or frameshift muta
tions among a total of 21 (18). These studies suggested that esoph
ageal cancer may have a unique mutational profile.

We therefore examined genetic alterations involving lhep53 and Rb
genes in a series of 79 human esophageal carcinomas. Abnormalities
of p53 and Rb were found in the majority of tumor samples and
included point mutations, microdeletions, allelic deletions of DNA,
and abnormal size and/or quantity of mRNA. We also observed that
allelic deletion of p53 occurs in virtually all cases that have p53 point
mutation. Unlike other human tumors, in which p53 mutations are
predominantly of the missense type (3), half of the mutations detected
in the current study were nonsense mutations that created premature
stop codons. Our findings strongly suggest a unique mutational profile
in esophageal cancers and involvement of both p53 and Rb in the
genesis and/or progression of most of these tumors.
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Table I Characteristics of esophageal tumors tested for p53 mutations

LOH p53 mutation

Patient484-485486-489500-504530-533538-539580-582E17-216856X6687688689$90fi91692693694695697698699TOO701702703HistologySQSQADSQSQSQSQSQSQSQSQSQSQSQSQSQSQADSQSQSQSQSQSQSQp53++Homo++-â€¢f+â€¢f-+ND-+Homo-ND++Homo++HomoHomo+Rb++--HomoND+Homo-HomoHomoND---HomoND--+-HomoHomo+HomoSSCPNDNDNDNDNDNDNDNDNDNDNDNDNDNDNDNDNDNDExon88888855595556Nucleotidechange"GAAGAGAA->GAAGGA->AGA(G->A)CGT-Â»CAT(G->A)GAA-Â»TAA(G-Â»T)CGT-Â»CAT(G-Â»A)GGG-Â»GGA{G-Â»A)CAA->TAA(C->T)TGGGTT->TGGTT-----TGG-Â»TGA(G-Â»A)CAG-Â»TAG(C->T)--TAC->CAC(T->C)---CGC-Â»CAC(G->A)CAG-Â»TAG(C-Â»T|ATC->ACC(T-Â»C)-Aminoacidchange"Frameshift-Â»STOPGlyâ€”

Â»ArgArgâ€”
Â»HisGlu->STOPArgâ€”

Â»HisGlyâ€”
Â»GlyGln-Â»STOPFrameshif!-Â»STOP-----Tip

-Â»STOPGln-Â»STOP--Tyr-Â»His---Argâ€”

Â»HisGln-Â»STOPIle->Thr-Codon287-288266273286273293136147146317163175165195

" Wild-type sequence or amino acid left of arrow, mutant right of arrow. Bases undergoing mutation or microdeletion are underlined. Under LOH, + = loss of an alÃele;- = LOH
not found. Under SSCP, + = mobility shift was found in tumor samples. Under Nucleotide and Amino Acid Change, - ~ mutation was not found. ND, not done; AD, adenocarcinoma;
SQ, squamous carcinoma.

Table 2 p53 and Rb mRNA abnormalities in human esophageal carcinomas

LOH mRNA

Patient332^Â»353E46-8E49-51E55-6E68-9354-5392-3HistologyAD"DYS

BA(ADJ)SQSQSQSQADADp53

Rb---+

ND+
+â€”

HomoND
NDNDp53Alt

sizeAlt
sizeNo
changeAlt
sizeDeceased
ExpNo
changeAlt
sizeNo

changeRbNo

changeNo
changeNo
changeNo
changeNo
changeNo
changeAlt
sizeDeceased

Exp
" AD. adenocarcinoma; SQ, squamous carcinoma; DYS BA (ADJ), dysplastic Bar

rett's esophagus adjacent to tumor from the same patient; -, negative for LOH; +. positive

for LOH; Homo, homozygous (uninformative); Alt. altered; ND. not done.

MATERIALS AND METHODS

Tissues. Samples of esophageal tumor and accompanying normal tissue
were obtained at surgery or endoscopy performed at the University of Mary
land or Baltimore VA Hospitals. Eighteen of the samples were obtained from
Henan Province in the People's Republic of China by one of the authors. DNA

was extracted according to standard protocols (23).
Polymerase Chain Reaction-Loss of Heterozygosity Studies. Primers

and PCRs for allelic loss studies were as described (23, 24). PCR amplicons
containing a polymorphic sequence within the p53 or Rb genes were simply
electrophoresed on polyacrylamide gels or digested with the proper restriction
endonuclease and then electrophoresed. Gels were stained with ethidium bro
mide, photographed under UV light, and evaluated for differences in band
intensities between normal and tumor DNAs (23, 24).

Analysis of Single-Strand Conformation Polymorphisms. SSCP was
used to screen for mutations within exons 5-8 in the p53 gene in the first 7 of

25 cases studied for mutation (Table 1). A modification of the method of Onta
el al. (29) was used. The conditions for SSCP were similar to those described
for routine PCR. except that 5 uCi of [12P]dCTP were added to each reaction

and only a 10-|jl total reaction volume was used. Amplification products were

diluted 1:50 in sequencing stop solution (95% formamide, 10 ITIMEDTA,
0.05% bromophenol blue, and 0.05% xylene cyanol) and then electrophoresed
on nondenaturing polyacrylamide gels (6% acrylamide, 1x Tris-borate-

EDTA, 5% glycerol). Electrophoresis was carried out in a cold room at 21 W

constant power for 5 h.
DNA Sequencing. DNA sequencing was performed on all 25 samples

assayed for mutation (Table 1). Exons 5 through 8 (Table 1. first 7 cases) or 5

through 9 (Table 1, last 18 cases) were amplified from the original genomic
DNA and subjected to direct or PCR cloning sequencing (30). For direct
sequencing, three separate 100-ul PCR reactions were pooled and gel purified.

Alteratively. PCR cloning sequencing was performed. PCR products were gel
purified and ligated into an Xcml-digested pDKlOl plasmid, devised by

D. Kovalic and kindly provided by Dr. Bert Vogelstein (31). The PCR cloning
assays were carried out from two independent PCR reactions and ligations, and
6 to 10 independent clones from each ligation were sequenced. Mutations were
confirmed by at least two independent assays (e.g., SSCP plus direct and/or
cloning sequencing; or sequencing of two separate PCRs on both strands).

Southern Hybridization Assays. Southern analysis was used for allelic
loss studies as previously described (23, 24). Thirteen ug of high-molecular-

weight genomic DNA were digested with appropriate restriction endonucleases
and separated on 1% agarose gels. 12P-radiolabeled probes YNZ22 (32) and

1E8 (33) were used to detect allelic loss on chromosomes 17p and 13q,
respectively.

Northern Hybridization Assays. Ten ug of total RNA were electropho
resed at 25 V overnight in 1.2% agarose-formaldehyde gels. 32P-radiolabeled

p53 (kindly provided by Dr. Bert Vogelstein. Johns Hopkins University) and
Rb (kindly provided by Dr. Thaddeus P. Dryja, Harvard Medical School/
Massachusetts Eye and Ear Infirmary) complementary DNA probes containing
the entire coding regions of p53 and Rb were used to detect the p53 and Rb
transcripts. Conditions for prehybridization and hybridization were as de
scribed (23). Membranes were washed two times for 15 min at room temper
ature in 2x sodium chloride sodium phosphate EDTA/0.2% sodium dodecyl
sulfate and three times at 55Â°Cfor 15 min to l h in 0.2X sodium chloride

sodium phosphate EDTA/0.2% sodium dodecyl sulfate. As controls for loading
and quality of RNAs, all membranes were stripped and reprobed with com
plementary DNA for murine ÃŸ-actinand glyceraldehyde-3-phosphate dehy-

drogenase.

RESULTS

Results are listed in Tables 1 and 2. Esophageal carcinomas from 79
patients were studied for genetic alterations involving p53 and Rb.
Twenty-five cases were analyzed by DNA sequencing or by SSCP

plus DNA sequencing to detect mutations in the p53 gene (Table 1;
Fig. 1). Fourteen samples contained mutations within exons 5 through
9. Seven samples contained nonsense mutations (three from American
and four from Chinese samples), five mutations were due to single
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Fig. 1. Mutations in the p53 gene in esophageal carcinomas, a, five base pair deletion in p53 exon 8 resulting in a frameshift and premature stop codon. demonstrated by SSCP and
DNA sequencing. Left. SSCP analysis. Lane I, normal stomach; Lane 2. tissue adjacent to tumor; Lane 3. tumor from one patient (there was no mobility shift); Lanes -I and 5. two
tumors without a mobility shift; Lane 6. tissue from squamous cell carcinoma with mobility shift (arrow). Arrow, abnormal band showing mobility shift. Right. DNA sequencing of
cloned PCR product. Arrow, 5-base pair deletion. DNA was obtained from the same tissue sample analyzed on left. iMne 6. b. codon 273 mutation in the p53 gene analyzed by SSCP
and DNA sequencing. Left, SSCP analysis showing mobility shift in esophageal tumor sample within exon 8 of p53. luanes A. B. and D. patient with esophageal carcinoma arising in
Barrett's esophagus. Lane A. normal stomach tissue; iMne B. carcinoma in situ adjacent to tumor; Lane D. esophageal adenocarcinoma (Urne C. tissue from a different patient). Arrows,

abnormal bands showing mobility shifts. Right, direct sequencing of PCR product DNA demonstrating the p5J codon 273 mutation detected by SSCP analysis at left. Lane D.

base pair substitutions, and two mutations resulted from frameshift
mutations. One of these frameshifts was caused by a 5 base pair
microdeletion at codons 287 and 288 which created a stop codon 17
amino acids downstream (Fig. la); the other frameshift, caused by a
1 base pair deletion at codon 147, generated a stop codon 23 amino
acids downstream. Two DNAs contained an identical single base pair
change at codon 273 (CGT to CAT), resulting in a substitution of His
for Arg (Fig. \b). All mutations were confirmed by at least two
independent assays. In all but one case for which p53 allelic loss
assays were informative, mutation was accompanied by loss of het-
erozygosity of p53 (Table 1). This case (580-582) contained a silent

mutation, not resulting in an amino acid substitution. However, the
converse was not true: five cases with p53 allelic loss did not have
mutations.

Seventy-nine tumors were analyzed for allelic losses affecting p53

and/or Rb (Fig. 2). Thirty of 53 cases (57%) constitutionally heterozy
gous for p53 lost heterozygosity of p53 in their tumor tissues: 20 of 47

cases (41%) informative for Rh lost heterozygosity of Rb. These
observations are in agreement with previously published series (22-
24). Thirty-four cases were informative for both p53 and Rb; of these,

eleven (32%) lost heterozygosity of both p53 and Rb in their tumors:
11 (32%) lost heterozygosity of p53 but not Rb; 3 (9%) lost heterozy
gosity of Rb but not p53; and nine (26%) did not lose heterozygosity
of either gene. Stated differently, 25 of 34 tumors (74%) lost het
erozygosity of p53. Rb, or both. When point mutations and mRNA
expression abnormalities were also considered, 33 of 45 tumors (73%)
informative for LOH studies of both genes and mRNA or point mu
tation studies showed one or more abnormalities in p53 or Rh.

By Northern blotting analysis (Table 2; Fig. 3), 5 of 7 cases dem
onstrated abnormal p53 expression and 2 of 7 expressed Rb abnor
mally (either transcript size or mRNA level). In one case (332-4/353),

identical abnormal p53 transcripts were detected in both adenocarci
noma and adjacent dysplastic Barrett's esophageal mucosa, respec

tively. To our knowledge, this is the first report of abnormal p53 and
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a
Kb N

Fig. 2. LOH occurring in the p53 and Rb tumor
suppressor genes, a, p53 LOH. Left, Southern blot
ting analysis of ///n/I-digested genomic DNA from

esophageal tumor (T) and normal tissue (N) from
the same patient, revealing LOH on chromosome
17p. The intensity of the lower band is significantly
reduced in tumor as compared to normal DNA.
Right, PCR LOH analysis showing allelic losses in
the p53 gene. All normals (N) are heterozygous for
the BstUl polymorphism in exon 4 of p53; the alÃele
lacking the restriction site is represented by the
259-base pairs band, while the alÃelecontaining the

site gives rise to bands at 160 and 99 base pairs.
Each tumor (T) is preceded by its corresponding
normal tissue. Absence of either alÃelein tumor is
interpreted as LOH; the remaining weak signal cor
responding to the deleted alÃeleis caused by an
admixture of normal cells within the specimen.
LOH is seen in each of the normal-tumor pairs
except the last one. in which uncut (259 base pairs)
and cut (160 + 99 base pairs) alÃelesare present
equally, b, Rb LOH. Left, Southern blotting analysis
of Msp I-digested genomic DNA from esophageal
tumor (7"), normal tissue IN), and tissue adjacent to

tumor (A) from the same patient. The intensity of
the lower band is significantly reduced in tumor as
compared to the intensity in normal DNA. Right,
PCR LOH analysis showing allelic losses in the Rb
gene. All normals (N) are heterozygous for the
intron 17 Xba\ site, evidenced by the presence of
both uncut (945 base pairs) and cut (630 + 315
base pairs) bands. Each tumor precedes its corre
sponding normal tissue. LOH, judged as in Fig. 2a,
is seen in the first, second, and fourth (last) tumor-
normal pairs. The third pair is negative for LOH.

1.3- P53

TNTNTN TN

Kb
NAT DP

945-

630-

315-

10.1â€”

7.4- Â«â€¢>Â«â€¢Â»

Kb transcript size and/or quantity in human esophageal carcinomas, as
well as in esophageal dysplasia.

DISCUSSION

Using several molecular approaches, we have demonstrated that
genetic alterations of p53 and Rb including point mutation, abnormal
mRNA expression, and allelic loss occur frequently in esophageal
cancers. Interestingly, nonsense mutations in p53 are relatively rare
events in virtually all other human tumors (3, 34) but were found in
7 of 14 (50%) of mutations in our study. This phenomenon may
represent tissue-specific proneness to certain p53 mutations, or it may
reflect the presence of unique carcinogens in the esophagus (3). Ni-

trosamines have been implicated as mutagens and candidate carcino
gens in this disease (35) and may contribute to the high incidence of
G to A transitions seen in our esophageal cancers (36). In addition, in
all but one of the cases with p53 point mutation for which p53 allelic
loss studies were informative, p53 LOH was also seen; the single
exception contained a silent mutation in exon 8, not resulting in any
change in amino acid sequence. On the other hand, loss of heterozy-

gosity ofp53 was seen five times without accompanying p53 mutation

(Table 1). This finding could possibly have resulted from: (a) p53
mutations occurring outside of the exon regions evaluated; (b) muta
tions not detected by SSCP; or (c) another gene, located on chromo
some 17, being the actual target of LOH.

We have also demonstrated abnormal size and quantity of p53 and
Rb mRNA transcription in a group of esophageal carcinomas. Rb
mRNA size abnormalities are relatively rare in other cancers (7, 37),
although diminished Rb mRNA expression has been commonly re
poned (10-13, 38). Quantitative or qualitative abnormalities in p53

mRNA are relatively rare in malignant cells (6, 39, 40), although
variable results have been reported in human leukemias (8, 41, 42).
Abnormally sized p53 mRNAs have been observed in lung cancers
(43). We detected an abnormal p53 transcript in both adenocarcinoma
and adjacent dysplastic Barrett's mucosa, suggesting that this abnor

mality may occur relatively early in neoplastic progression in Bar-
rett's-associated esophageal adenocarcinomas. Regulation of p53 ex

pression at the mRNA level may be important in cell cycle control
(44). It is possible that deregulation of p53 mRNA transcription relates
to this functional role.

We have shown that p53 and Rb abnormalities coexist in a subset
of human esophageal carcinomas. Concomitant abnormalities of p53
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Fig. 3. Northern blotting analysis demonstrating abnormal transcripts of the p53 and Rb
genes in human esophageal carcinomas, a. decreased expression of p53 in an esophageal
tumor. The left pair (N. Ti shows markedly diminished p53 mRNA in tumor. Compare to
control gene glyceraldehyde-3-phosphate dehydrogenase, which shows higher expression
in tumor. The right pair (N, 7) shows upward changes in expression of both genes; this
case was scored as normal or negative, h. abnormal p53 transcripts in several esophageal
tumors. The first three cases (fVT",AT, TB) show extra or abnormally sized bands with the

p53 complementary DNA probe. Abnormal transcripts are seen in both tumor (D and
adjacent Barrett's esophagus (ÃŸ)in the third case, c, abnormal Rb transcripts in esophageal

tumors. An abnormally migrating band is seen with the Rb probe in tumor but not in
Barrett's tissue from the first patient. N. normal; T, tumor; B, Barrett's esophagus; D,

dysplasia.

and Rb have been previously reported (45, 46). Cooperative roles for
p53 and Rb have also been proposed (47). Taken collectively, our
results suggest that abnormalities of p53 and/or Rb DNA and their
mRNA products are involved in the formation and/or progression of
most human esophageal carcinomas. Mutation is almost invariably
accompanied by loss of constitutional heterozygosity for p53. These
data also suggest that nonsense p53 mutations are common in human
esophageal carcinomas and that unique mutational profiles may pre
dominate in certain types of primary tumor tissues. Such differences
may be due to variations in environmental mutagens to which the
tissues are exposed; alternatively, they may result from inherent tissue-

specific differences in mutation susceptibility or DNA repair capacity.
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