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ABSTRACT

To understand the alterations of Rb tumor suppressor
gene and the relationship between defects in theb and p53
pathways in human esophageal carcinogenesis, we examined
the loss of heterozygosity (LOH) of theRb gene and immu-
nohistochemical staining of pRb protein in 56 esophageal
squamous cell carcinoma specimens and related the results
to the p53 gene alterations. Using four introgenic polymor-
phic markers as probes, we observed LOH of th&kbgene in
30 of the 55 informative tumor samples. Immunohistochem-
ical analysis revealed different patterns of pRb expression
among the tumor samples. In the 56 cases, 16 displayed
extensive pRb staining comparable to that of the adjacent
normal epithelia, whereas 33 showed either significantly
decreased or no pRb staining and 7 had a focal staining
pattern reflecting heterogeneous cancer nests in the tumor
with respect to Rb status. In the tumor samples containing
RbLOH, 90% showed low or no pRb expression, whereas in
samples without Rb LOH, only 20% had altered pRb ex-
pression. There was a strong association between LOH of
the Rb gene and alteration of pRb expression in our samples
(P < 0.0001), suggesting LOH is a main event leading t&b
inactivation. We found that Rb LOH was more frequent in
tumors with p53 mutations (P < 0.05), which occurred in 31
of the 49 cases analyzed. When the status &b and p53
alterations was evaluated by the combined results of immu-
nohistochemical and genetic analyses, we found that alter-
ation of Rband p53had an even stronger association in our
esophageal squamous cell carcinoma sample8 & 0.0015).

Received 9/21/98; revised 1/29/99; accepted 2/1/99.

Among the 51 cases in which both theRb and p53 status
were determined, 31 contained alterations in both genes, and
only 5 and 6 cases were altered in onl\Rb and only p53
respectively. Our results suggest that defects in th&b and
p53 pathways and their potential synergistic effect in de-
regulating cell cycle and apoptosis are major mechanisms
for esophageal carcinogenesis.

INTRODUCTION

The Rb gene, located on chromosome 13g14.2, was the
first tumor suppressor gene to be identified in humans and was
initially determined to be associated with the development of
retinoblastoma (1)Rb encodes a cell cycle control protein that
is at the convergence of several positive and negative regulatory
pathways that are often referred to collectively asRtepath-
way (2). Hypophosphorylated pRb, which is regarded as the
active form, can form stable complex with various transcrip-
tional activators of the E2F family and halt the cell cycle
progression during $(3). Suppression of pRb function through
hyperphosphorylation causes the release of the E2F factors and
triggers a burst of gene expressions that facilitatesSGransi-
tion (4, 5). Functional loss of thRb gene frequently occurs in
the carcinogenic processes of many types of cancer (reviewed in
Refs. 6 and 7). The mechanism leading to such loss usually
involves the loss of one allele by a germ-line or early somatic
alteration and a subsequent alteration of the other allele, which
was first observed in retinoblastoma, and formed the basis for
the two-hit model of cancer development (1, 8). Therefore,
LOH* at theRblocus is an important event reflecting potential
functional alteration in th&b gene. LOH on 13q, wherBbis
located, is a common feature in many types of cancer involving
bladder, lung, breast, head and neck, and other organs (9-25).
However, it is not always possible to observe concordance of
LOH at 13qg and loss of pRb protein expression in different types
of tumor, suggesting that either the selected LOH markers are
for other genes near thRb locus or other mechanisms are
involved in the inactivation of th&b gene. In human esopha-
geal cancer, LOH at theblocus was observed in 54% of SCCs
and in 36% of adenocarcinomas (16, 17), but whether it leads to
a decrease in pRb expression is not clear.

Recently, an association between aberrant pRb and p53
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Table 1 Oligonucleotides for determiningb LOH

Primer no. Locus Polymorphism type Product size (bp) Primer sequence
2162 Intron 1 RFLP 195 5CAGGACAGCGGCCCGGAG-3
2356 BanHl 5'-CTGCAGACGCTCCGCCGT-3
99311 Intron 17 RFLP 190 "BFTCCCACCTCAGCCTCCTTAG-3
99500 Xba 5'-GTAGGCCAAGAGTGGCAGCT-3
123888 Intron 17 VNTR <1683 8-ATGAGGGATCCACCCCCCTGATGT-3
125570 [54 nt], repeat 5ACCTAAGCTATGGACCAAGTTTCC-3
156504 Intron 20 VNTR <636 5-CTTGTAATATGCCTCATAAT-3'
157139 [CTTT(T)}, repeat 5AATTAACAAGGTGTGGTGG-3

2 Position of the 5end of the primer in the genomic sequenceRéfgene with respect to the translation start codon.

transformation by inhibiting proliferation, facilitating DNA re- surgically resected esophagi of 56 primary ESCC patients in
pair, and stimulating apoptosis in genetically injured cells (re-Linzhou, China. All specimens were fixed and stored in 80%
viewed in Ref. 27). Intuitively, an increased proliferation capac-ethanol before use. Serial sectionsu(®) were made from the
ity due toRbloss together with a decreased rate of apoptosis dugaraffin-embedded tissue blocks for both DNA preparation and
to p53 alteration would greatly enhance the tumorigenic poten-immunohistochemical studies. Tumor regions were identified
tial of the affected cells. Indeed, recent studies in the murinepy histopathological examination of a representative H&E-
system showed that, although germ-line mutatioRinor p53  stained slide, and the two adjacent slides were used for dissec-
resulted in predisposition to cancer (28, 29), heterozygous micgon of tissues from the corresponding tumor regions. Normal
mutant for bothRbandp53showed reduced viability and novel tissues were directly dissected from the adjacent epithelium.
cancer pathology, including increased cancer burden (30). Resenomic DNA was extracted by proteinase K digestion and
cently, pRb was found also to have an antiapoptotic functionshenol/chloroform extraction.
(31). Loss ofRb can activate apoptosis at least in part via PCR-based RFLP Analysis ofRb Allelic Status. The
elevated p53 expression, and lospbBgene function prevents  primer sets used in this study are listed in Table 1. PCRs were
cell death in the central nervous systemRi¢mutated mouse  carried out in a reaction volume of 28l with 800 nv each
embryos (32). It was observed that several types of DNA tumomyimer, 250 um dNTP, 1.5-2.5 m MgCl,, standard PCR
viruses (e, SV40, papilloma viruses, adenoviruses, and so onkytfer, and 1 unit of Taq polymerase (all from Life Technolo-
contain proteins that bind and inactivate both pRb and p53%jies, Inc., Gaithersburg, MD). Typical reaction conditions were
(33-35), which implicates that DNA tumor virus. Viruses have a5 follows: 5 min of denaturation at 95°C before addition of the
developed mechanisms for attacking critical cellular antitumori-taq polymerase; 2 min at 95°C, 2 min at annealing temperature
genic pathways by inactivating both pRb and p53 protein. Fur(t y ‘and 2 min at 72°C for initial cycle; and then 30 cycles of
thermore, it was observed that the cellular oncoprotein MDM2g( g 4t 95°C, 45 s &, and 45 s at 72°C, followed by 2 min at
could also negatively regulate both pRb and p53 through pro7oec. T., cycle number, and Mg were optimized for each
tein-protein interaction (36). Therefore, it is possible that inac-primer set, based on pilot experiments. Normal and tumor DNA
tivation of both Rb and pS3 genes in the cell produces a (p.1,g- 0.5..g) were used for PCR amplification. To generate
synergistic effect, which imposes stronger selective pressure fof,e RFLP pattern for LOH analysis, 10 of PCR product were
cellular transformation. Indeed, it was reported that, in cells thatjigested twice with 1 unit of appropriate restriction enzyme
sustained lesion in theb pathway, there was a strong selection (gapiy for intron 1 RFLP andXba for intron 17 RFLP) in a
for the loss or inactivation of wild-typp53 (37). . total volume of 20ul, each lasting 4 h, followed by heat
In our previous studies of human ESCC, we identified jnactivation of the old enzyme. The resulting mixtures were
frequent introgenic mutations in tis3gene (38, 39). Together  resolved on 2.5% agarose gels and stained with ethidium bro-
with the previous report oRb LOH in ESCC and due to the mide.
important roles of botfRb and p53 pathways in safeguarding PCR-based VNTR and Microsatellite Analysis of Rb
normal cell proliferation, these results suggest that it is possibley|jgjic Status. PCRs were performed as described in the
that both genes can be the main alteration targets during ESCRF| p assay. For LOH analysis of the intron 17 VNTR marker,
formation. In this study, we studied the relationship betweenpcRr products were directly electrophoresed on a 1.5% agarose
LOH of the Rb gene and the altered expression of pRb in 56 ge| and stained with ethidium bromide. For intron 20 VNTR, the
ESCC patients from a high incidence area in Linzhou (formerlyforyward primers were radiolabeled at&nd with fy->*P]dATP,
Linxian), China, and showed thRbLOH is strongly associated  ang pCR products were resolved on 6% denaturing polyacryl-
with altered pRb expression. Furthermore, a close analysis ofmide gel and radiographed i h before analyzing the signals.
the correlation ofRb alterations withp53 alteration in these  gemjiquantitative measurements were performed for LOH deter-
samples suggested an association ofRb@ndpS3alterations  mination. In brief, for both RFLP and VNTR analyses, the ratio

in ESCC. of intensity of the lost allel@ersughat of the retained allele was
measured and calculated using a computer imaging system
MATERIALS AND METHODS (Image-Pro Plus; Media Cybernetics). A LOH was defined by

Tissue Collection and DNA Preparation. Matched the signal ratio in the tumor lane being25% of that in the
pairs of normal and tumor specimens were dissected froomormal lane.
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Table 2 Summary of LOH results of four polymorphic markers in b locus

RFLP VNTR
Intron 1 Intron 17 Intron 17 Intron 20 Total
Informative 25 38 34 26 55
LOH 9 (36%) 19 (50%) 16 (53%) 8 (31%) 30 (55%)
No LOH 14 19 14 18 25
ND 2 0 4 0 ¢

2 Informative for at least one marker.

P Contain LOH in at least one marker.

°No LOH detected at either of the informative markers.

9ND, not determined. These samples are not included in the estimation of LOH percentage.
¢ Allelic status not determined in either of the informative marker.

PCR-SSCP and Sequencing Analysis @f53 Mutations. regions of 10—40% of the cancer nests were intensively stained,;
PCR-SSCP was performed using primer sets and PCR cond{€) +, weak p53 staining or only cells of the peripheral region
tions that we described previously (38, 39), and a completeof <10% of the cancer nests showed moderate to intensive p53
description of the procedures of this analysis is provided in thestaining; and ) —, no detectable p53 staining in cancerous
primary report on the p53 mutational analysis (39). To avoidcells.
possible PCR errors introduced during the genomic DNA am- Statistical Methods. The x? test with four degrees of
plification, shift-band retrieval after SSCP, and cyclic sequencfreedom was used to assess the relationship between LOH of the
ing, we performed sequencing from both directions, and therb gene and the immunohistochemical staining pattern of pRb
sequencing result from every case was confirmed by an indeprotein as well as the relationship betwee$8 alteration and
pendent repeat analysis. pRb staining. The odds ratio was calculated in & 2 table,

PRb and p53 Immunohistochemistry. Immunohisto-  with the first column corresponding to the sample group desig-
chemistry of paraffin sections of the tumor and normal specimemated as baseline level and the second being the sample group to
was performed as described previously (40, 41). In brief, aftelhe compared. In case of thex25 table, the group in column 1
dewaxing and rehydration, eachun section was first treated \yas always designated as baseline in the analysis of each of the
with Target Unmasking Fluid (PharMingen, San Diego, CA) in sample group in the subsequent columns. Fisher's exact test was
a 800-W microwave oven at 10% power for 10 min, then with ysed to evaluate correlation in thex2 2 tables.

1% H,O, to quench the endogenous peroxidase activity. After

blocking the nonspecific protein binding with 2% normal serum,

sections were incubated withiy/ml primary monoclonal pRb  RESULTS

antibody PMG3-245 (PharMingen) or p53 antibody Ab-6 (On- LOH Analysis of Rb Gene Using RFLP and VNTR
cogene Science, Cambridge, MA) at room temperature for 2.5 hMarkers. The Rb gene spans~200 kb on chromosome
then with a secondary biotinylated anti-primary antibody for 1 h,13g21. To determine its allelic status over its entire length, we
and finally with avidin-biotin-peroxidase complex (Vector ABC used four introgenic polymorphic sequences as genetic markers.
Elite Kit; Vector Laboratories, Burlingame, CA) for 45 min. These markers reside at 2, 99, 124, and 157 kb, respectively,
Staining was visualized using Peroxidase Substrate Kit'{3,3 downstream of the translation initiation codon of tRb gene
diaminobenzidine; Vector Laboratories). Hematoxylin was usedand, therefore, specifically reveal the allelic status of Rie

as the nuclear counterstain in pRb staining. To ensure reprodugene itself. As shown in Tables 2 and 3, of the 56 cases of ESCC
ibility, three consecutive slides were stained in separate expemwe analyzed, 55 were informative for at least one of the four
iments. The neighboring esophageal epithelia were always useablymorphic markers. LOH was detected in 9 of 25 of the
as a positive control to qualify the positive staining in tumors for tumors informative for intron 1 RFLP marker, in 19 of 38 of the
every case. tumors informative for intron 17 RFLP, in 16 of 34 of the

Because the pRb staining intensity in the cancer cells wasumors informative for intron 17 VNTR marker, and in 8 of 26
comparable to that of the normal cells, based on estimation 0bf the tumors informative for intron 20 VNTR (Fig. 1). In
percentage of the positively stained cells in the cancer nestsummary, 30 of 55 (55%) tumors exhibited LOH in at least one
pRb immunostaining for cancer was graded as follov&: ( of the four markers being analyzed (designatedRbs’~), 26
+++, >40% of the cells positively stainedb)(++, 10-40%  tumors did not have detectable LOH at tRb locus Rb™'™).
of cells positively stained;cj +, <10% of cells positively Notably, the frequencies of LOH over the entire region of
stained; andd) —, no cells positively stained. For the p53 the Rb gene were not uniform. LOH was more frequently
immunostaining, level of immunoreactivity was graded basedobserved in the central region (intron 17) than in the proximal
on the intensity of the staining as well as the distribution of and distal regions (introns 1 and 20). Furthermore, many LOH
positively stained cells in the tumor. The four resulting classesevents had a detectable regional confinement and may not
were: @) +++, very strong p53 staining in almost all of the always affect an entire allele of theb gene. For example,
cancerous cells over the entire tumor regioh) ¢+, p53 among the fouRb*’~ samples that were informative for all four
staining with moderate intensity or only cells of the peripheral polymorphic loci, three showed LOH only in the distal loci but
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3 9 31 3 9 20 staining was similar to that of the adjacent normal tissues. Of the
14 cases with intermediate-(+) staining, 7 exhibited a focal

N N 281
a b éiij pattern, in which positive staining were observed~60% of
E -:'Lg the cancer nests and had an extent similar to that of the intensive
(+++) staining; whereas in the remaining cancer nests, either

3 9 14 34 31 24 22 no staining or very few stained cells could be detected (Fdg. 2
NTNTNTNTM NTNTNT Another 7 cases of intermediate pRb staining+) tumors
¢ -lm d - Fep| showed a scattered staining pattern, in which all cancer nests
1078 |g - - had a low percentage (10—-25%) of pRb-positive staining cells.
o Compared to the adjacent normal epithelia, the scattered inter-
Fig. 1 LOH at four polymorphic loci within theRb gene in ESCC  mediate {++) staining as well as the sparse staining, [ig.

samplesLanes N normal;Lanes T tumor. Matching pairs of normal o) and lack of staining €) clearly demonstrate a significant

and tumor DNA were located immediately adjacent to each oter. h ; . .
amplification of theBanHI RFLP in intron 1 produced a segment of 195 decrease or suppression of the pRb expression in the entire

bp. Restriction digestion resulted in fragments of 140 and 45 bp. LOHC&NCET. _
was recognized as a partial or complete loss of either the uncleaved (195  Correlation between LOH of the Rb Gene and Abnor-

bp) or the cleaved (148 45 bp) allele. The first pair did not show LOH, mal Expression of pRb Protein. Status of pRb protein ex-

the other two pairs all contained LOH at this loci. Re;idug signal left i”roression was compared with the allelic status of Regene
the deleted allele probably resulted from the contaminating normal cel

within the tumor tissueb, PCR ofXba RFLP in intron 17 generated a (Tablg 4). In cases with extensive Stam'ng*"') of pRb
190-bp band that can be digested into 115- and 75-bp fragments. Cag¥yotein, LOH of theRbgene was detected in only 1 of 16 cases.
3 did not contain LOH at this locus, and the remaining cases wereln the 7 cases with heterogeneous cancer nests in term of pRb
representative LOH cases, PCR _of the [54 nf] VNTR in intron 17 expression, only 2 cases h&b LOH. Whereas in cases in
%ﬁ\éﬁc?r:l?aelgr:z?vgsas”:;sirﬁﬂgl?l?rr:grSslgﬁgggn of1 igs(fggr?dgﬂ' which pRb expression was only seen in a small fr_action of tumor
but not in the matching normal samples. intron 20 microsatelite ~ CellS (Scattered+ or +), RoLOH was observed in 5 of 7 and
[CTTT(T)],, VNTR was amplified using PCR with radiolabeled primers 12 of 14 informative cases, respectively. In the 11 informative
and resolved on 6% polyacrylamide gel. Allelic imbalance was seen incases with no detectable pRb expression, 10 contained LOH in
tumors24 and22 the Rb gene. Compared to tumors with extensive pRb expres-
sion, there is an high odds ratio for the presencIpf.OH in
tumors with no or low extensive pRb expression. The associa-

not in the proximal loci, and one had the opposite orientation. Oftion of Rb LOH with this abnormality of pRb expression is
30 tumor samples containing LOH, 13 were found to containstatistically significant® < 0.0001; odds ratio: 4.2).
LOH in marker(s) at one end of the gene while both alleles of Relationship betweenRb and p53 Alterations. Status
the marker(s) were retained at the other end (data not shownpf the p53 gene in the ESCC was examined by immunohisto-
The remaining 17 samples exhibited LOH in all of their inform- chemistry and mutation analysis (39). The p53 immunostaining
ative markers. pattern was classified as++, ++, +, or — (Fig. 3), and the

Abnormality of pRb Expression in Primary ESCC. In p53 immunopositivity was correlated with gene mutation.
all of the morphologically normal esophageal squamous epitheTherefore, in this studyp53alteration was defined by either the
lia adjacent to the tumors, extensive positive pRb immuno-presence of mutation(s) in the gene sequence, p53 accumulation
staining was confined in the nuclei, and all positively stainedin the cancer cells, or both (Table 3). In the 56 ECSS cases, 35
cells were in the parabasal layers of the epithelia (F&j. Bor had different levels of p53 protein accumulation, 26 of which
the primary tumors, positive pRb staining was observed in 45 ohadp53 mutation (including 23 missense mutation, 1 frameshift
the 56 (80%) cases. The intensity and subcellular location of thénsertion, and 2 in-frame deletions); 21 had no p53 protein
staining in the tumor was similar to that observed in the normalaccumulation, 5 of which had intron (2 cases), frameshift (2
epithelia. However, the numbers of the pRb-positive cells in thecases), or nonsense mutation (1 case). Full details of these
tumor varied significantly among different tumor samples. Six- mutations are provided in a separate report which addresses the
teen cases displayed extensive pRb stainifg-¢), 14 cases distributions, spectrum, progression, and pathological relevance
had an intermediate extent of staining ), 15 cases only of these events (36). Altogether, 40 of 56 (71%) ESCC cases
showed sparse positive staining)(and 11 cases contained no demonstrated alterations of tp&3gene. Compared to samples
pRb-positive cells (Table 3). Fifty-three of the 56 cases werewith +++ pRb staining, there is a moderate increase of the
well-differentiated SCC, characterized by keratinized cells andrequency ofp53 alteration in ESCC samples with focal+
keratin-pearl in the internal layers of cancer nest. pRb-positivepRb staining (from 44 to 57%). A dramatic increase of pad
cells were observed in the peripheral layers of the cancer nestalteration rate was seen in ESCC samples with scattered+,
The remaining three cases of the ESCC were poorly differentiand — pRb staining (86, 80, and 100%, respectively). Compar-
ated and had no keratinized cells in the cancer. pRb staining wason of theRbLOH with p53mutation revealed that LOH of the
sparse {) in two of these three cases, and the positively Rb gene was significantly more frequent in tumors wjgh3
staining cells were scattered in the cancer nests; the other caseutations than in tumors not detected to hg®3 mutation
contained no pRb staining. (P = 0.017).

In the 16 cases of extensively stainedl« +) tumors, at In this study,Rb alteration was defined by eitherRb"™’~
least 40% of the cells in every cancer nests were pRb positiveallelic type, low extent of pRb staining (scattered-, +, and
all of which are in the peripheral layers (Figo)2 This type of ~ —) in all cancer nests, or both. Only a homogenous display of
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Fig. 2 Different extents of pRb immunostaining in human ES@MRD staining lfrown) in the normal esophageal epithelium;+ + +, positively
stained cells were in the peripheral layers of the cancer nekical ++, the cancer nest at thmttom leftshowed extensive staining, whereas the
top right nest contained only sparse pRb-positive callsy-, few cells in the peripheral layers of the cancer nest showed positive staining.

Table 4 Relationship of pRb immunostaining wifRb LOH and p53 alterations

pRb immunoreactivity

++
+++ Focal Scattered + — Total
Rb"/~ 1 (6%) 2 (14%) 5 (71%) 12 (86%) 10 (92%) 30 (56%)
Rb™/* 15 5 2 2 25
NI 0 0 0 1 0 1
X2 (Pearson’s) 2.14 10.73 19.20 19.35
OR® 6.0 375 90.0 150.0
p53 alteration
+ 7 (44%) 4 (57%) 6 (86%) 12 (80%) 11 (100%) 40 (71%)
- 9 3 1 3 0 6
x° (Pearson’s) 0.35 3.49 4.29 9.28
OR° 1.7 7.7 5.1 0
NI, not informative; OR, odds ratio.

P OR of pRb staining of each level witRb LOH. Overall correlation was performed Ix? test (degree of freedoms 4); P < 0.0001.
©OR of pRb staining of each level with53 alteration. Overall correlation was performed ¥ (degree of freedons 4); P = 0.015.

extensive pRb stainingH{(++) in all cancer nests together with cancer nests. This criterion, however, did not significantly
noRbLOH (Rb*’*) are considered to be indicative of a normal change the number of ESCC cases vRihalterations as deter-
Rb. In the five Rb"'* tumors in which pRb staining had a focal mined byRbLOH along (only 6 more cases were recognized as
++ pattern,Rb status were not defined because of their heter-having Rb alteration). AltogetheRbalteration was observed in
ogeneous composition of both pRb-extensive and pRb-negativ86 (71%) of the 51 cases with defin®b status (Table 3). In
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Fig. 3 Different levels of p53 immuno-
staining in human ESC@, strong p53 im-
munoreactivity (-++); b, intermediate
immunoreactivity ¢+); ¢, weak immu-
noreactivity (+).
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Table 5 Correlation betweeiRb and p53 alterationd some other loci beyond the gene. The strong association be-
Rb alteration tweenRb LOH and decreased pRb expression suggestsRhat
LOH is a good indicator of the inactivation of thiRb gene in
- + ESCC.
p53alteration As the pRb staining decreased in groups with +, ++,
+ 6 31 +, and—, there was a trend of increase in the frequencRRbf
~ o 5 LOH (Table 4). This relationship may be due to the loss of the
*Odds ratio= 9.3 (SE, 6.6). Fisher's exact tex®, = 0.0015. normal Rb allele during different stages of tumorigenesis. An

early loss may lead to complete loss of pRb expression in all
cancer cells, whereas such an event at a later stage may leave

) some cancer cells remaining genotypically heterozygous. Due to
these 51 ESCC cases, alteration of Riegene was strongly ihe growth advantage of theb*/~ cells, they usually signifi-

associated with the alteration of tfp53 gene P = 0.0015;  cantly outnumber th&®b™'* cells in the cancer and, therefore,
Table 5). Specifically, 31 of the tumors contained alterations inc5se the cancer to appds’~/IHC***. However, a signif-
bothRbandpS3genes, whereas only 6 or S samples containedcant number oRb*/* cells sometimes may still be capable of
alteration of onlypS3 or R, respectively. Nine cases did not masking the allelic status of the majority cancer cells in a

contain detectable alteration in either of the genes. PCR-based LOH analysis and making the cancer apRbaf
+/IHC* ", This may explain the observation that a few tumor
DISCUSSION samples with low extent pRb stain still showBth™' " allelic

In this study, we analyzed the allelic status of Biegene  type. Interestingly, we observed 7 cases of well-differentiated
in ESCC specimens from a high-risk population in northernSCC displaying a phenotype between abnormal and normal pRb
China. Consistent with previous observations in ESCC (16, 17)expression. These tumors had a fotat pRb staining in which
we found that 30 (55%) of the 55 informative cases had LOH of~20-40% of the cancer nests showed extensive pRb staining,
the Rb gene. Allelic imbalance of th&b gene in these tumors whereas all remaining nests had no pRb staining. Allelic anal-
was associated with significant decrease in pRb protein expresssis showed that only 2 of the 7 such tumors contaiRbd OH;
sion. Among the 56 cases we studied, substantial alteration afthers had no detectable allelic imbalance. It is not known
pRb expression, ranging from low extent (scattetetl or +) whether this heterogeneous phenotype of the cancer nests is due
to no detectable expression), occurred in 37 cases. Remark- to a polyclonal origin of the cancer, Rbloss in some of the
ably, 27 (90%) of the 3®b"’~ tumors showed this altered pRb cancer cells before formation of cancer nests, or to some un-
expression, whereas only 5 (20%) of the R&"" tumors  known mechanism that down-regulates pRb expression in the
showed altered pRb expression. The association betlen pRb nests. More functional studies are needed to determine the
LOH and altered pRb expression was very significaPit<( actualRbstatus in these fiv&b"’* tumors with focal++ pRb
0.0001; Table 2). staining.

Frequent LOH at specific locus compared to the infrequent In each of the three groups of ESCC showing altered pRb
(~10%) random LOH at loci with no obvious etiological roles expression (scattered+, +, and—), there were small numbers
usually implies the involvement of tumor suppressor gene(s) obf cases (1 of 11, 2 of 14, and 2 of 7, respectively) containing
that affected region in the pathogenesis of cancer (16, 42)no detectabldRb LOH at the four introgenic loci. Because we
Association between LOH on 13q wheRb is located and  did not examine other types of genetic alterations that had been
decreased pRb expression was observed in many tumors, suckported in theRb gene, such as homozygous deletion (45),
as bladder, liver, and lung cancers (9, 10, 18). In other canceraberrant methylation (46), or possible dominant negative muta-
such as head and neck SCC, however, there was a lack aions, it is highly possible that these mechanisms also, to some
concordance between LOH on 13qg and pRb protein stainingextent, contributed to th&b inactivation. Also, we cannot
and this led to the suspicion that other potential tumor suppresexclude the possibility that some special types of LOH such as
sor gene(s) reside near this region (13). Although it is possiblesmall deletion or point mutations on one allele remained unde-
thatRbinactivation may play different roles in the formation of tected.
different cancers, the lack of concordance between pRb expres- To understand the roles and the relationship between inac-
sion and the “apparen®Rb LOH in some cases could have also tivation of the Rb and p53 pathways in human ESCC, we
resulted from the particular markers used in the LOH analysisanalyzed the correlation between alterationsRif and p53
Polymorphic loci that are remote from the gene of interest maygenes in the 51 tumor samples in which the status can be
not accurately reveal the LOH rate of the target gene (43, 44)determined by a combination of immunohistochemical and ge-
Supporting this, we noticed that the LOH R locus had netic analyses. RemarkablRb alteration had a strong associ-
obvious regional confinement in at least some of the ESCCation with p53 alteration in these sample® (= 0.0015). In
cases we analyzed. In this study, all markers that we chosearticular, in all of the 11 tumors with pRbphenotype, which
reside directly within the gene, and therefore, the high LOH ratewe believe to indicate most sevelRb inactivations,p53 alter-
we observed in our ESCC samples is believed to reveal thations were ubiquitously present, and most of the alterations
actual allelic status of theRbgene. Furthermore, we observed were identified by a mutation accompanied #y++ protein
higher LOH frequency (50-53%) in the middle and lower staining (Table 3).
frequency (31-36%) in the proximal and distal ends of Re ConcomitanRbandp53abnormalities have been observed
gene, suggesting LOH is centered at Riegene rather than at in a variety of cancers (19-25). Recent studies have suggested
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that alterations inRb and p53 functions have a cooperative 8. Knudson, A. G. Mutation and cancer in man. Cancer (Phigg),
effect on the progression in bladder and non-small cell lungl882-1886, 1977.

carcinoma and on lowering the survival rate of the patients (199. Xu, H. J., Cairns, P., Hu, S. X., Knowles, M. A., and Benedict, W. F.
20, 21). It has been postulated that aberm@htand p53 can Loss of RB protein e_xpression in primary bladder cancer corr(_-zlates with
deregulate cell cycle control and reduce the ability of the ab_loss of heFerozygosny at the RB locus and tumor progression. Int. J.
normal cells to undergo apoptosis (37). The imbalance producegancer’%' 781-784, 1993.

: . = - 10. Gouyer, V., Gazzeri, S., Brambilla, E., Bolon, I., Moro, D., Perron,
by an enhanced proliferative activity and reduced apoptotic rat(-?b" Benabid, A. L., and Brambilla, C. Loss of heterozygosity at the RB

may greatly increase growth advantage of the affected cellsycys correlates with loss of RB protein in primary malignant neuro-
accelerating the carcinogenic process and increasing invasivendocrine lung carcinomas. Int. J. Candss; 818—824, 1994.

ness. The strong association betwédmand p53 alteration in 11, Tamura, K., Zhang, X., Murakami, Y., Hirohashi, S., Xu, H. J., Hu,
our case suggests that such dual alterations may cooperativefy, X., Benedict, W. F., and Sekiya, T. Deletion of three distinct regions
produce a tumorigenic effect during ESCC formation. To teston chromosome 13q in human non-small-cell lung cancer. Int. J. Cancer,
this hypothesis, however, it is necessary to obtain evidence of4: 45-49, 1997.

Rb and p53 alteration in the early-stage ESCC, for example, 12. Borg, A., Zhang, Q. X., Alm, P, Olsson, H., and Sellberg, G. The
from studying biopsy samples. retinoblastoma gene in breast cancer: allele loss is not correlated with

loss of gene protein expression. Cancer R&2.,2991-2994, 1992.

. . . . Yoo, G. H., Xu, H-J., Brennan, J. A., Westra, W., Hruban, R. H.,
tiple genetic changes (47). The frequent and strongly associat och, W., Benedict, W. F., and Sidransky, D. Infrequent inactivation of

Rband 953 alterations that W,e opserved led us to pr.opose thaEhe retinoblastoma gene despite frequent loss of chromosome 13q in
concomitantRb and p53 inactivation may be the major event head and neck squamous cell carcinoma. Cancer B&s4603—4606,
involved in the pathogenesis and progression of ESCC due t@994.
the superior selective advantage of the affected cells. In addii4. Pei, L., Melmed, S., Scheithauer, B., Kovacs, K., Benedict, W. F.,
tion, alterations of other genes in tRé pathway €.g, p16/p15  and Prager, D. Frequent loss of heterozygosity at the retinoblastoma
andcyclin D) andp53pathway €.g, Baxandp21) may also be  susceptibility geneRB) locus in aggressive pituitary tumors: evidence
involved in promoting malignant transformation by acceleratingfor.a chromosome 13 tumor suppressor gene otherRizaCancer Res.,
proliferation and suppressing apoptosis synergistically. Indeedss' 1613-1616, 1995'
we have analyzed 12 of the Rbnormal cases shown in Table 15. Peng, H. Q., Bailey, D., Bronson, D., Goss, P. E., and Hogg, D.
. . . Loss of heterozygosity of tumor suppressor genes in testis cancer.
3 and found that 9 cases contained alterationplif p15, or Cancer Res55: 2871-2875, 1995.
both (48). Therefore, almost all ESCC cases we analyzed wergg Boynton, R. F., Huang, Y., Blount, P. L. Reid, B. J., Raskind,
defective in theRb pathway. It would be interesting to examine w. H., Haggitt, R. C., Newkirk, C., Resau, J. H., Yin, J., McDaniel, T.,
the tumors with n@53 alterations to see whether they contain and Meltzer, S. J. Frequent loss of heterozygosity at the retinoblastoma
defects in other members of thgs3 pathway, such as the locus in human esophageal cancers. Cancer B&s5766-5769, 1991.
recently discovered putative p53 homologues p51 (49), p627. Huang, Y., Boynton, R. F., Blount, P. L., Silberstein, R. J., Yin, J.,

50), and p73, or factors upstreamd, ATM) or downstream Tong, Y., McDaniel, T., K., Newkirk, C., Resau, J. H., Sridhara, R.,
Ee g) Bax gr pZYVAFl) of thg p53 prgtein ) Reid, B. J., and Meltzer, S. J. Loss of heterozygosity involves multiple

tumor suppressor genes in human esophageal cancers. Cancé&2Res.,

6525-6530, 1992.

ACKNOWLEDGMENTS 18. Zhang, X., Xu, H. J., Murakami, Y., Sachse, R., Yashima, K.,
We thank Jinshang Zhang of the Department of Statistics at Rutirohashi, S., Hu, S. X., Benedict, W. F., and Sekiya, T. Deletions of

gers University for his suggestions in the statistical analysis of our dat£fomosome 13q, mutations in Retinoblastoma 1, and retinoblastoma

; - g o . protein state in human hepatocellular carcinoma. Cancer FBds.,
and for his help in performing and verifying the relevant calculations. 4177-4182, 1994

19. Cordon-Cardo, C., Zhang, Z-F., Dalbagni, G., Drobnjak, M.,
REFERENCES Charytonowicz, E., Hu, S-X., Xu, H-J., Reuter, V. E., and Benedict,
1. Friend, S. H., Bernards, R., Rogelj, S., Weinberg, R. A. RapaportW. F. Cooperative effects of p53 and pRB alterations in primary
J. M., Albert, D. M., and Dryja, T. P. A human DNA segment with superficial bladder tumors. Cancer Resz; 1217-1221, 1997.

properties of the gene that predisposes to retinoblastoma and osteosa. Cote, R. J., Dunn, M. D., Chatterjee, S. J., Stein, J. P., Shi, S. R.,

ESCC development is a multistage process involving mul-

coma. Nature (Lond.)323: 643—646, 1986. Tran, Q. C., Hu, S. X., Xu, H. J., Groshen, S., Taylor, C. R., Skinner,
2. Sherr, C. J. Gphase progression: cycling on cue. Céf; 551-555, D. G., and Benedict, W. F. Elevated and absent pRb expression is
1994. associated with bladder cancer progression and has cooperative effects

3. Chellappan, S. P., Hiebert, S., Mudryj, M., Horowitz, J. M., and With p53. Cancer Res58: 1090-1094, 1998.

Nevins, J. R. The E2F transcription factor is a cellular target for the RB21. Dosaka-Akita, H., Hu, S. X., Fujino, M., Harada, M., Kinoshita, 1.,
protein. Cell,65: 1053-1061, 1991. Xu, H. J., Kuzumaki, N., Kawakami, Y., and Benedict, W. F. Altered
4. Buchkovich, K., Duffy, L. A., and Harlow, E. The retinoblastoma retinoblastoma protein expression in nonsmall cell lung cancer: its
protein is phosphorylated during specific phases of the cell cycle. Cellsynergistic effects with altered ras and p53 protein status on prognosis.
58: 1097-1105, 1989. Cancer (Phila.)79: 1329-1337, 1997.

5. Johnson, D. G., Schwarz, J. K., Cress, W. D., and Nevins, J. R22. Ferron, P. E., Bagni, |., Guidoboni, M., Beccati, M. D., and Nenci,
Expression of transcription factor E2F1 induces quiescent cells to enter. Combined and sequential expression of p53, Rb, Ras and Bcl-2 in
S phase. Nature (Lond.365: 349-352, 1993. bronchial preneoplastic lesions. TumdB: 587-593, 1997.

6. Benedict, W. F., Xu, H. J., Hu, S. X., and Takahashi, R. Role of the23. Gleich, L. L., Li, Y. Q., Biddinger, P. W., Gartside, P. S., Stam-
retinoblastoma gene in the initiation and progression of human cancemrook, P. J., Pavelic, Z. P., and Gluckman, J. L. The loss of heterozy-
J. Clin. Invest.,85: 988-993, 1990. gosity in retinoblastoma an@53 suppressor genes as a prognostic
7. Benedict, W. F., Xu, H. J., and Takahashi, R. The retinoblastomandicator for head and neck cancer. Laryngoscd#: 1378-1381,
gene: its role in human malignancies. Cancer Inv8s635-540, 1990.  1996.



1240Rb Alteration in Esophageal Cancer

24. Murakami, Y., Hayashi, K., Hirohashi, S., and Sekiya, T. Aberra- tation analysis of carcinomas and nearby non-cancerous lesions. Carci-
tions of the tumor suppressor p53 and retinoblastoma genes in humatmogenesis (Lond.), in press, 1999.
hepatocellular carcinomas. Cancer R&4:,5520-5525, 1991. 40. Yang, G-Y., Zhang, Z., Jie, L., Seril, D., Wang, L. D., Goldstein, S.,
25. Wang, J., Coltrera, M. D., and Gown, A. M. Abnormalities of p53 and Yang, C. S. Inmunohistochemical studies of Waflp21, p16, pRb,
and p110RB tumor suppressor gene expression in human soft tissughd p53 in human esophageal carcinoma and neighboring epithelia from
tumors: correlations with cell proliferation and tumor grade. Mod. g high-risk area in northern China. Int. J. Cancé; 746—751, 1997.
Pathol.,8: 837842, 1995. , _ 41. Wang, L. D., Shi, S. T., Zhou, Q., Goldstein, S., Hong, J. Y., Shao,
26. Kastan, M. B., Onyekwere, O., Sidransky, D., Vogelstein, B., andP., Qiu, S. L., and Yang, C. S. Changes in p53 and cyclin D1 protein
g;\?lAgdaRma\ge Pg::fc'gftg&g ggg’ 4p_rgt3e1|r11 l?gtgf cellular response 10,0 615 and cell proliferation in different stages of human esophageal and
27 Gotz. C ;and Montenarh- M. 053 DN,’A dam.a o DNA repair. and gastric-cardia carcinogenesis. Int. J. Cané€r,514-519, 1994.
apbptosis:. Rev. Physiol. BiO(’:he.mr.) PHarmactﬂ;?: 6%—,95 1996? ' 42. Vogelstein, B., Fearon, E. R., Kern, S. E., Hamilton, S. R., Preis-
; ) ! inger, A. C., Nakamura, Y., and White, R. Allelotype of colorectal
28. Jacks, T., Fazeli, A, Schmitt, E. M., Bronson, R. T., Goodell, .. i0oo s iiance (Washington D@34: 207211, 1989.

M. A., and Weinberg, R. A. Effects of an Rb mutation in the mouse. - ) )
Nature (Lond.)359: 295-300, 1992. 43. Ashton-Rickardt, P. G., Wyllie, A. H., Bird, C. C., Dunlop, M. G.,

29. Donehower, L. A., Harvey, M., Slagle, B. L., McArthur, M. J Steel, C. M., Morris, R. G., Piris, J., Romanowski, P., Wood, R., White,
Montgomery, C.A. Jr. Butel, J. S., and Bra’dley, A. Mice deficient for R~ and Nakamura, Y. MCC, a candidate familial polyposis gene in
p53 are developmentally normal but susceptible to spontaneous wRd-21, ‘shows frequent allele loss in colorectal and lung cancer. Onco-
mours. Nature (Lond.)356: 215-221, 1992. gene,6: 1881-1886, 1991.

30. Williams, B. O., Remington, L., Albert, D. M., Mukai, S., Bronson, 44. Fong, C.T., Dracopoli, N. C., White, P. S., Merrill, P. T., Griffith,

R. T., and Jacks, T. Cooperative tumorigenic effects of germline mutaR. C., Housman, D. E., and Brodeur, G. M. Loss of heterozygosity for
tions in Rb and p53. Nat. Gene¥; 480-484, 1994. the short arm of chromosome 1 in human neuroblastomas: correlation
31. Haupt, Y., and Oren, M. p53-mediated apoptosis: mechanisms anith N-myc amplification. Proc. Natl. Acad. Sci. US&6: 3753-3757,
regulation. Behring Inst. Mitt.97: 32-59, 1996. 1989.

32. Macleod, K. F., Hu, Y., and Jacks, T. Loss of Rb activates both45. Bremner, R., Du, D. C., Connolly-Wilson, M. J., Bridge, P.,
p53-dependent and independent cell death pathways in the developimghmad, K. F., Mostachfi, H., Rushlow, D., Dunn, J. M., and Gallie,
mouse nervous system. EMBO 15: 6178—-6188, 1996. B. L. Deletion of RB exons 24 and 25 causes low-penetrance retino-
33. Cowell, J. K. The nuclear oncoproteins: RB and p53. Semin. CancePlastoma. Am. J. Hum. Gene6]: 556570, 1997.

Biol., 1: 437—-446, 1990. 46. Stirzaker, C., Millar, D. S., Paul. C. L., Warnecke, P. M., Harrison,
34. Levine, A. J. The p53 tumor suppressor gene and gene producg-» Vincent, P. C., Frommer, M., and Clark, S. J. Extensive DNA
Princess Takamats@Q: 221-230, 1989. methylation spanning thiRb promoter in retinoblastoma tumors. Cancer
35. Scheffner, M., Munder, K., Byrne, J. C., and Howley, P. M. The Res.,57: 2229-2237, 1997. ) )

states of the p53 and retinoblastoma genes in human cervical carcinonft/. Meltzer, S. J. The molecular biology of esophageal carcinoma. Rec.
cell lines. Proc. Natl. Acad. Sci. US/88: 5523-5527, 1991. Results Cancer Resl42: 1-8, 1996.

36. Xiao, Z. X., Chen, J., Levine, A. J., Modjtahedi, N., Xing, J., 48. Xing, E. P., Nie, Y., Wang, L-D., Yang, G-Y., and Yang, C. S.
Sellers, W. R., and Livingston, D. M. Interaction between the retino- Aberrant methylation op16™“ and deletion op158™<** are frequent

blastoma protein and the oncoprotein MDM2. Nature (Lond8%5: events in human esophageal cancer in Linxian, China. Carcinogenesis
694-698, 1995. (Lond.), 20: 77—84, 1998.

37. Sherr, C. J. Cancer cell cycles. Science (Washington RT); 49. Osada, M., Ohba, M., Kawahara, C., Ishioka, C., Kanamaru, R.,
1672-1677, 1996. Katoh, I., Nimura, Y., Nakagawara, A., Obinata, M., and lkawa, S.

38. Gao, H., Wang, L. D., Zhou, Q., Hong, J-Y., Huang, T-Y., and Cloning and functional analysis of human p51, which structurally and
Yang, C. S.p53 tumor suppressor gene mutation in early esophageaffunctionally resembles p53. Nat. Med., 839—-843, 1998.

precancerous lesions and carcinoma among high-risk populations i60. Yang, A., Kaghad, M., Wang, Y., Gillett, E., Fleming, M. D.,
Henan, China. Cancer Re§4: 4342—-4346, 1994. Dotsch, V., Andrews, N. C., Caput, D., and McKeon, F. p63, a p53
39. Shi, T., Yang, G-Y, Wang, L. D. Z., Xue, Z., Feng, B., Ding, W., homolog at 3p27, encodes multiple products with transactivating, death-
Xing, E. P., and Yang, C. S. Role @53 gene mutation in human inducing, and dominant-negative activities. Mol. Cell, 305-316,
esophageal carcinogenesis: results from immunohistochemical and mud-998.



