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Because the kidneys function primarily as excretory organs,
Background: The development of renal cell carcinoma they are exposed to a variety of different metabolites. Thus,
(RCC) has been associated with both genetic and environ-kidneys are likely targets for exogenous carcinogens. On the
mental factors—with mutations in the von Hippel-Lindau basis of epidemiologic studies, for example, tobacco use is con-
(VHL) tumor suppressor gene for clear-cell RCC specifically sidered to be involved in nephrocarcinogendgjs Evidence is

and with long-term exposure to high doses of trichloroethyl- accumulating that a defined substance, the industrial solvent
ene (TRI), an industrially important solvent, for RCC trichloroethylene (TRI), plays a role in renal carcinogené3)s
generally. We investigated whether TRI exposure pro- Whereas acute effects of exposure to high doses of TRI are well
duces RCC through a specific mutational effect on the VHL known (i.e., dizziness, vertigo, nausea, and headache), long-term
gene by analyzing VHL sequences in the RCCs of patients effects are still a matter of debate. An increased incidence of
exposed to high, cumulative doses of TRIMethods: The renal cell carcinoma (RCC) was reported among workers ex-
level of exposure for each of 44 patients with RCC posed to high doses of TR®). Independently, a case—control
who had known industrial exposure to TRI was classified Study(10) disclosed an association between high-dose TRI ex-
according to the duration, frequency, and mode of exposure. Posure and the incidence of RCC. However, a molecular basis
Samples of normal and cancerous tissues were microdis-for this association between exposure to a specific carcinogen
sected from paraffin-embedded tissue. DNA was isolated and occurrence of RCC remains to be established.

from these samples, and somatic VHL mutations were Because RCC may be initiated by mutations of the VHL gene
identified by polymerase chain reaction analysis, single- (1) together with the nephrocarcinogenic effect of TRI in the
strand conformation polymorphism analysis, DNA sequenc- kidneys(8—10),o0ne might expe;ct to find an association between
ing, and restriction enzyme digestion. Control samples TRI exposure and VHL mutations. We reasoned that any carci-
included RCC DNA from 107 patients without known Nogenic impact of TRI_ on the VHL gene ought to be found in-
TRI exposure and lymphocyte DNA from 97 healthy sub- RCCs of exposed patients; hence, we sought to document this

jects.Results:RCCs of TRI-exposed patients showed somatic relationship.
. . o .
VHL mutatlons_ln 33 (75%) of 44 cases. The mutations were SUBJECTS AND METHODS
frequently multiple and accompanied by loss of heterozygos-
ity, and there was an association between the number of Case patients and control subjectsBecause TRI is considered a potential
mutations and the severity of TRI exposure. We observed carcinogen, public health regulations in some countries mandate the registration

a specific mutational hot spot at VHL nucleotide 454 in ©f TRI-exposed employees. In Germany, occupational TRI exposure is moni-
tored by the employer’s liability insurance association (Berufsgenossenschatft).

the RCCs Of. 13 (39%) of the patlenFs, ‘T’md this mutation All 44 RCC case patients enrolled in this study were registered former employ-
was present in adjacent non-neoplastic kidney parenchyma ees of metal-processing factories with histories of high, cumulative TRI expo-
in four of these patients. The nucleotide 454 mutation sure. An extensive medical review covered each subject’s occupational history
was neither detected in any of the RCCs from patients and smoking habits. Subjects were interviewed individually and asked to com-
without TRI exposure nor in any of the healthy subjects. p!ete a questionnaire_. Paraffin blocks of RCCs from_ gll patients were reviewed
Conclusion: Our results su t that RCC i tient ith histologically by two independent observers (G. Weirich and Skétp Lym-

. ggest tha In patients wi

high lati . . d with . phocyte DNA, tumor DNA, and DNA from morphologically normal adjacent
igh, cumulative TRI exposure is associated with a unique parenchyma were obtained from all 44 RCC patients. Control samples consisted

mutation pattern in the VHL gene. [J Natl Cancer Inst 1999;  of tumor DNA from 107 RCC patients not registered as TRI exposed. Thirty-
91:854-61] four patients with RCC were recruited from the same geographic area as TRI-
exposed patients with RCC (the study panel), and 73 RCC specimens were
obtained from university hospitals in other regions in Germany. Controls for

Clear-cell renal cell carcinoma (CCRCC) is one of the fewhalysis of germline VHL gene status included lymphocyte DNA of 97 subjects
human tumors known to evolve from mutations of a specifigithout RCC, of whom 47 were employees registered as TRI exposed. TRI
gene(1). Mutations of the von Hippel-Lindau tumor suppressor
gene (VHL) were detected both in patients with hereditary von
Hippel-Lindau syndromé2) and in about 60% of patients with Affiliations of authorsH. Brauch, T. Wail, Research Laboratory of the Wom-
sporadic CCRC(3-6). Germline and somatic VHL mutationsen’s Hospital Eppendorf, University of Hamburg, Germany; G. Weirich, M. A.
are distributed within a 470-base-pair region that comprises aﬂrnauer, Iqstitute of Pathology, T_echn_ical Uni\{ersity Munich, Germany; S.
three exons of the gene. The germline mutation spectrum>ig<e! Istitute of Pathology, University of Witten-Herdecke, Wuppertal-

. . . Barmen, Germany; T. Bning, Institute of Occupational Physiology, University

charac_terlzed l_ay a high percentage (_)f missense mutat®)ns Dortmund, Germany.
Somatic mutations, however, mostly involve promoter methyl-correspondence to present addrestiltrud Brauch, Ph.D., Dr. Margarete
ation (6) and deletions or insertions that may lead to frameshiftgcher-Bosch-Institute of Clinical Pharmacology, Auerbachstrasse 112, 70376
(3-5). Moreover, for unknown reasons, mutations in VHL exoftuttgart, Germany (e-mail: hiltrud.brauch@ikp-stuttgart.de).
2 are much more frequent in sporadic CCRCCs than in herediSee"Notes” following “References.”
tary tumors(3). © Oxford University Press
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exposure and sample origin for patients and control individuals are listedtories, where TRI was used as a degreasing solvent for metal
Table 1. The study was approved by an institutional review board, and @'érts. Subjects were between 14 and 47 years of age (mean 24
patients gave written informed consent. years of age) when they began to work with TRI. At the time,

Questionnaire. The questionnaire covered occupational activities and smok- . imal cautio ere taken to brevent exno to the sol
ing habits. Individuals were questioned about exposure to potential carcinoggﬂwl precautions were taken prevent exposure 10 the Sol-

and nephrotoxic agents, such as TRI, perchloroethylene, lead, cadmium, p¥i§Nt: Manual handling of liquid TRI included unprotected clean-
cyclic aromatic hydrocarbons, polychlorinated biphenyls, asbestos, tar, tar pritg Of metal parts in large, open tubs filled with TRI, wiping off
ucts, cutting fluids, and any other chemicals. In addition, smoking habits ad®R| residues, and using TRI for cleaning floors and clothes and
medical and family histories—especially history of kidney diseases—were igyen for cleaning the skin of hands and arms. In addition to skin
corded. For deceased patients, information was obtained from relatives %'Eﬁjntact, workers were exposed to high concentrations of volatile

former co-workers. Data on TRI exposures were also obtained from occupatio?ﬁ : : : a0 ; ° ;
hygienists and from records of the employer’s liability insurance associatio |, especially during heating of TRI (boiling point, 87°C) in

TRI exposure was ranked as one of three levels by a defined scoring system aﬁgreas'”g tubs and du”ng use of compressed—alr devices. The
integrates total exposure time as well as frequency and duration of acute advE€Cts of these exposures were exacerbated by a lack of suffi-
effects(10). cient ventilation in working areas and by the absence of respi-
VHL mutations and loss of heterozygosity (LOH) analysisDNA for VHL  ratory protection. Concentrations of volatile TRI were estimated
mutation screening was obtained from whole blood, fresh and frozen tum@trospectively, by the reported clinical symptoms of dizziness,
tissues, and formalin-fixed, paraffin-embedded tissues. Tissue sections from FP?éadache, and nausea. Estimated concentrations of volatile TRI

affin blocks were microdissected before DNA extractidi). An improved -~ ) _
polymerase chain reaction (PCR) protocol using high-pressure liquid chrorr%{sceeded many fold tOday S exposure threshold of 50 ppm (Ger

tography-purified primers for specific and reproducible amplification of pnANan Occupatlonal Exposure lelt). We 590red three Intensity
from archival tissug11,12)was applied to all three VHL exons. PCR productdeVels of TRI exposure based on the duration and frequency of
were analyzed for mutations in comparison to wild type by single-strand contorking with TRI, the prevalent way of handling liquid TRI, and
formation polymorphism (SSCP) analysis. Mutations were identified, respete clinical symptoms reported. Among these criteria, clinical
tively, by direct sequencing of purified PCR produ¢t®).LOH was determined symptoms and adverse effects were given priority in the assess-
by microsatellite analysis at polymorphic loci D3S1350 and D3S1038 withinrzfxIent of exposure levels.

300-kilobase interval of the VHL ger(&3). To control for PCR-generated errors Th t di . f RCC 60
in mutational screening, all procedures including microdissection and DNA € mean age at diagnosis o was years (range,

preparation were repeated independently at least twice. Results of multiple 36—84 years). Tumors occurred as single lesions, and no metas-
matic mutations or of the nucleotide (nt) 454 C>T mutation were reproducedt@ses were reported. Forty-two RCCs were of the clear-cell type,
least four times, independently and in different laboratories. and two RCCs were of the papillary (chromophilic) type. The

Restriction enzyme-based nt 454 C>T mutation detection assafor fast time from onset of TRI exposure to diagnosis of RCC ranged
analysis of the presence of a frequent mutation at nt 454 (C>T), a restrictighym 9 tg 59 yearsgeeTable 3).

endonuclease-based assay was used. We amplified a short 154-base-pair (bp)

sequence with primers VHL 2812) and primer 454r (5 AGCGTTGGG- . . .
TAGGGCTGC-3) that comprised a centrdcil restriction site. This site was Molecular Data: Somatic VHL Mutations

cleaved in wild-type sequences, resulting in two fragments of 60 and 54 bp but . .
remained uncut in a 104-bp fragment when the cytosine at position 454 was DNA from RCC specimens and from corresponding normal

mutated. DNA fragments were analyzed electrophoretically on 3% agarose giissue of 44 patients with known TRI exposure was subjected to

stained with ethidium bromide, and visualized with the use of an on-chip intBECR amplification of all three exons of the VHL gene. We

grating system (INTAS, Gingen, Germany). identified VHL mutations in 33 (75%) of 44 RCCs. Fourteen
Statistical analysis.An association between TRI exposure level and numb(trﬁz%) of the RCCs with VHL mutations had muItipIe (i e.. two

of VHL mutations was calculated with an exact version of the Mantel-Haens . .
- 0
chi-squared test comparable to the Cochran—-Armitage trendli#stAn asso- ﬁﬁree’ or fOUI’) mutations (Table 2, Fig. 1)' Twenty-seven (54 /0)

ciation between the latency from onset of TRI exposure to diagnosis of RCC a‘ﬂt:ia total of 50 mUtatl_ons were missense, 15 (30%) of the mu-
the TRI exposure level (+++, ++, and +) and an association between the latef@fions were frameshifts, four (8%) of the mutations affected

and the number of VHL mutations=@, 1, and 0) were tested by use of thesplice consensus regions, three (6%) were in-frame deletions or
Spearman rank correlati¢t4). The nonparametric Wilcoxon rank sum test wagnsertions, one mutation was silent, and one sequence Change
used for pairwise comparisons between subgroups of paf#isTwo-sidedP  affected an intronic site. Twenty-six (52%) of the 50 mutations
values were used and were considered statistically significant when less than\.l%na located within exon 1, 10 (20%) of the mutations were
REsuLTS located within exon 2, and 14 (28%) of the mutations affected
exon 3.

Missense mutations involved a cytosine change in 24 (89%)
of 27 missense mutations, a C>T change in 19 cases and a C>G

Forty-four patients enrolled in this study were continuouslghange in five cases, respectively. In two of 27 missense muta-
employed over periods of several years in metal-processing féions, there was a G>A change and in one case a T>A change.

Clinical Data: Assessment of TRI Exposure and
Development of RCC

Table 1.Case patient and control subject selection for questionnaire evaluation and molecular analyses of the relationship between
trichloroethylene (TRI) exposure and renal cell carcinoma (RCC)

Total DNA of adjacent
TRI exposure Patients or individuals No. Questionnaire Lymphocyte DNA Tumor DNA normal tissue
Exposed Patients with RCC (TRI industrial region) 44 44 44 44 44
Individuals without RCC (TRI industrial region) 48 48 a7 — —
Unexposed Patients with RCC (TRI industrial region) 34 — — 34 —
Patients with RCC (other regions) 73 — — 73 —
Healthy, normal individuals (other regions) 50 — 50 — —
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Table 2. Somatic von Hippel-Lindau gene mutations in renal cell carcinomahe clear and papillary (chromophilic) types. Moreover, the nt
of patients with high, cumulative exposure to trichloroethylene* 454 mutation was also detected in DNA isolated from tumor-
adjacent normal kidney parenchyma of four patients (Nos. 1654,

Amino Mutation . .
Patientt ntt Changef Codon  acid type 1656, 1_658, and 1695; Fig. 2). Four other mutations were de-
1605 254 oo o1 — Vi tected in more than one RCC: a C>G change at nt 570
> ro>ser Issense . .
== 570 GG 119 PhesLeu Missense (Phe11_9Leu_, n= 3), a G>A change.at nt 713 (Arg_167_GIn,=n
699 C>G 162 Cys>Trp Missense 2), an intronic g>c change at a splice acceptor site in exon 3 (n
775 C>G 188 Leu>Val Missense = 2), and a C>T change at nt 811 (Arg200Tryp=n2).
1665 454 c=T 81 Pro>Ser  Missense  Ejghteen RCCs with intragenic somatic VHL mutations were
657 def™ 148 Frameshift o\ aluated for 3p LOH. All 18 RCCs showed LOH at the corre-
677-2  a>g 155 Splice valua P : W
1693 454 c>T 81 Pro>Ser Missense sponding 3p allele (Table 3).
811 C>T 200 Arg>Trp Missense . .
677-1  g>c Splice Mutational Hot Spot in VHL Exon 1 at nt 454
1654 454 C>T 81 Pro>Ser Missense . .
473 delTAT 87 Deletion The question whether the frequent mutation at nt 454 (C>T)
1657 454 C>T 81 Pro>Ser Missense was a specific, disease-related change or a polymorphism was
639 delTGAC 142 Frameshift 5qdressed by use of acil-based restriction assay applied to
1658 454 C>T 81 Pro>Ser Missense . :
713 G>A 167 Arg>GIn  Missense nontumor DNA. Lymphocyte DNA from patients with RCC and
1659 454 C>T 81 Pro>Ser Missense TRI exposure (n= 44) and from 97 control individuals without
712 C>T 167 Arg>Trp Missense RCC was tested for the presence of the nt 454 mutation. All
1667 55?98 CC;T 86 Pro>Leu m"t"r';fii”se nontumor DNA samples tested negative.
1670 397 delG 62 Frameshit 10 €lucidate whether the nt 454 mutation is specific for RCCs
454 C>T 81 Pro>Ser Missense of TRI-exposed patients, we applied tAeil-based restriction
1672 779153 g:ﬁ 11;31 0;?:\21"” s“,ﬂ'iﬁfnse assay to tumor DNA from 107 unexposed patients with RCC.
1676 418 CsT 69 Arg>Cys  Missense None of these tumors displayed the nt 454 mutation.
685 delCT 158 Frameshift - L .
1677 418 delCGCa 69 Frameshift SYNOPSis and Statistical Data Analysis
1685 758710 %el% 1191% PhesLeu F,r\i{:::r?s'z Among 44 pa_tients with RCC, 17 were exposed to high
811 Cc>T 200 Arg>Trp Missense (+++), 24 to medium (++), and three to low (+) levels of TRI.
1694 ;17551 CC>g 1% E;Ofer m_issense VHL mutations were detected in patients who had high and
> e>Leu Issense H H H H
1653 154 e 81 BrosSer Missense medium exposure levels b_ut not in patients Wlth_ a low expoiure
1656 454 T 81 Pro>Ser Missense €vel. Among 33 RCC patients with VHL mutations, 19 (58%)
1668 454 C>T 81 Pro>Ser Missense were smokers and 14 (42%) were nonsmokers.
iggg i%‘ $>>AT 83; I_Pefﬁzalesf ,\L\Iﬂléssse?]”;e Among 33 patients whose RCCs bore VHL mutations, 15
1662 483 del1ont 161 Erameshift (49%0) had experienced high (+++), 18 (55%) medlum (++), a_md
1689 512 del18nt 100 Deletion hone (0%) low (+) exposure levels of TRI. Of 14 patients with
1661 517 ins56nt 102 Frameshift RCCs that bore multiple VHL mutations, 11 (79%) had been
ig;i gjg idneggm ﬂg fr:gg:teigg'ﬂ exposed to high and three (21%) to medium exposure levels
1697 544 del10nt 111 Frameshift (Table 3). There was a statistically significant associatr=
1688 553 + 1 delg 114 Splice .0006) between the severity of TRI exposure and the multiplicity
1683 595 delC 128 Frameshift of the mutations (Tab|e 4)
1687 621 delT 136 Frameshift : ;
1696 632 delTC 140 Frameshit  1V€ither the correl.atlon between the Iatency and the TRI ex-
1680 637 delG 142 Frameshift posure level( = .19;P = .22) nor the correlation between the
1655 644 delG 144 Frameshift latency and the number of VHL mutations€ —.03;P = .87)
1669 6771 g 155 Splice \was statistically significant (Table 3). We observed that the
1660 683 C>T 157 Thr>lle Missense

mean time from onset of TRI exposure to diagnosis of RCC was
*Abbreviations in this table are defined as follows: #at nucleotide; del= shorter when the nt 454 mutation was present as a Smgle VHL

deletion; ins= insertion. mutation (n= 4; mean, 23 years; 95% confidence interval [CI]
tPatients whose numbers are underscored also showed the nt 454 C>T mu2—44 years) than in patients with additional mutations=(n
tation in non-neoplastic kidney parenchyma. 9; mean, 36 years; 95% G+ 25-46 years) or in patients with

FExonic nts are capitalized, and intronic nts are in lower case. AIteratiogf,ng|e or muItipIe VHL mutations different from the nt 454
in exonic sequences are indicated by either the exact nt or ‘tmeoSt nt. mutation (n = 20; mean, 37 years; 95% Gt 32-42 years)

Alterations in intronic sequences are indicated by the distance from the closgst
exonic nt. able 3)'

DiscussionN

A frequent C>T missense mutation at nt 454, changing proline As excretory organs, kidneys should be a prime target site for
to serine within the VHL protein at codon 81 (Pro81Ser), corarcinogens because they are constantly being exposed to a large
tributed to the high percentage of missense mutations in exomlimber of metabolites. As a result of exposure to exogenous
Thirteen (39%) of the RCCs with VHL mutations had this nt 454arcinogens, hot-spot mutations in tumor suppressor genes may
mutation, which was accompanied by additional mutations atcur (15,16). RCC of the clear-cell type is mainly caused by
other sites within the VHL gene in nine (69%) of the RCCsomatic mutations of the VHL tumor suppressor gémhe3—
(Table 2). The mutation at nt 454 was present in RCCs of bo#til7,18) Genetic analysis of sporadic RCC has previously failed
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Fig. 1. Somatic mutations in the von Hippel-Lindau
(VHL) gene in 33 patients with renal cell carcinoma|
who had high, cumulative exposure to trichloroethylend.
Shaded boxesndicate exons 1, 2, and 3 of the VHL
gene, including nucleotides (nts) 213 through 852 of th
published complementary DNA sequendg. Patients
are identified (ID) with four-digit numbers, and their
single or multiple mutations are indicated alodgtted
horizontal lines. Black circlesrepresent missense mu-
tations, open squaresrepresent frameshift mutations,
black triangles represent deletion§f indicates muta-
tions affecting splice consensus regions, iaverted
open triangle represents an insertion, apen circle
represents a silent mutation, and § indicates an addi
tional intronic change. Amino acids (aa)/codons of thg
protein sequence are given at the bottom. Marke
codons 81, 119, 167, and 200 indicate the location g
frequent missense mutations at specific nts. Patients
whose identifiers arenderscoredshowed the hot-spot
mutation affecting codon 81 in normal kidney paren
chyma adjacent to the tumor.

114

=

patient 113

Fig. 2. Detection of the nucleotide 454 C>T mutation in
the von Hippel-Lindau (VHL) gene of patients with
high, cumulative exposure to trichloroethyle¢.Elec-
trophoretic analysis of loss of thcil wild-type restric-
tion site in four patientsLanes | through IV show
polymerase chain reaction (PCR) products of contrdl
samples:lane I, undigested 154-base-pair (bp) PCR
product;lane I, Acil-digested wild-type DNAJane IlI,
Acil-digested germline DNA with the nt 454 C>T mu-
tation; andlane 1V, Acil-digested wild-type DNA of
archival tissue. The following lanes show the digestefl
PCR products of patients 1695, 1658, 1656, and 1654:
L, lymphocyte DNA;N, normal tumor-adjacent paren-
chyma; andT, tumor tissue Arrows indicate relevant
Acil fragments:1, 104 bp, representing a mutated allele
with nt 454 C>T change2, 60 bp; and3, 54 bp, the
latter two fragments representing wild-type sequences.
Fragments smaller than 54 bp result from additiokel
restriction sites flanking the main 104-bp fragmeB}.
DNA sequencing of PCR products of normal tumor ad
jacent tissue and tumor tissue of patients 1654 and 16%6
in forward and reverse direction8rrows indicate the
C>T change as superimposed blue and red peaks in the
forward direction and the G>A change as superimpose
black and green peaks in the reverse direction.
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Table 3. Characteristics of patients with renal cell carcinoma who had high, cumulative exposure to trichloroethylene

Age at first Age at
Patient exposure, y diagnosis, y At* Severity of exposuret No. of VHL mutationst Nucleotide 454 mutationt 3p LOHE
1695 27 38 11 +++ 4 yes yes
1693 38 58 20 +++ 3 yes @
1665 25 67 42 +++ 3 yes @
1685 28 57 29 +++ 2 no yes
1654 25 59 34 +++ 2 yes yes
1667 19 53 34 +++ 2 no yes
1658 22 60 38 +++ 2 yes yes
1672 21 59 38 +++ 2 no @
1670 18 62 44 +++ 2 yes @
1694 16 74 58 +++ 2 yes yes
1676 25 84 59 +++ 2 no @
1696 16 55 39 +++ 1 no yes
1660 16 60 44 +++ 1 no yes
1669 17 61 44 +++ 1 no yes
1687 33 83 50 +++ 1 no X
1684 23 57 34 +++ — — n.d.
1691 22 59 37 +++ — — n.d.
1659 14 47 33 ++ 2 yes yes
1677 24 57 33 ++ 2 no X
1657 16 56 40 ++ 2 yes yes
1678 29 38 9 ++ 1 yes @
1689 43 60 17 ++ 1 no X
1668 28 48 20 ++ 1 yes X
1662 45 67 22 ++ 1 no @
1656 a7 70 23 ++ 1 yes yes
1661 16 42 26 ++ 1 no @
1683 29 55 26 ++ 1 no yes
1698 28 61 33 ++ 1 no X
1674 16 51 35 ++ 1 no @
1655 17 53 36 ++ 1 no yes
1688 24 60 36 ++ 1 no yes
1697 16 55 39 ++ 1 no yes
1653 32 73 41 ++ 1 yes yes
1671 37 79 42 ++ 1 no @
1680 14 73 59 ++ 1 no yes
1692 35 55 20 ++ — — n.d.
1652 14 39 25 ++ — — n.d.
1681 18 58 40 ++ — — n.d.
1701 14 55 41 ++ — — n.d.
1675 14 63 49 ++ — — n.d.
1690 26 81 55 ++ — — n.d.
1664 22 49 27 + — — n.d.
1682 27 82 55 + — — n.d.
1686 30 64 34 + — — n.d.

*At = time in years between onset of trichloroethylene exposure and diagnosis of renal cell carcinoma.

tExposure levels: +++ high, ++ = medium, += low.

FVHL = von Hippel-Lindau; —= no VHL mutation.

8LOH = loss of heterozygosity; @ amplification of DNA failed at microsatellite loci; x= no paired DNA samples (normal and tumor) available; r=d.
not done.

to identify VHL mutational hot spots. We have report€k®) mutations greater than two implies that at least two of them
preliminary molecular findings of frequent VHL gene mutationaffect the same allele. Moreover, these cases of RCC may pre-
in RCC patients who had been exposed to high, cumulatisent a variation of the two-hit hypotheg$#l) because they show
doses of a well-defined carcinogenic agent, TRI. The ongoingore than two homologous tumor suppressor gene mutations.
controversy over an association between TRI exposure and RT@se interpretations are based on the assumption that a tumor
(20) led us to attempt to confirm this association with compravith multiple mutations represents a single clone of cells, which
hensive occupational and molecular data from exposed and imin agreement with the observed morphologic homogeneity.
exposed subjects. The present study relies on the standardizatiowever, genetic heterogeneity may have occurred during car-
of TRI exposure levels of RCC patients0) and methodologic cinogenesis. Further experiments will have to elucidate whether
refinements in the VHL analysis of their single tumors. multiple VHL mutations affected the same cell, leading to a
We established several lines of evidence for unigue mutamogenous tumor cell population, or whether VHL mutations
tional events in RCCs of patients who had been exposed to TRtcumulated independently in different tumor cells.
First, we detected multiple mutations of the VHL gene in the Second, we detected five cluster regions in which the VHL
same tumor from 42% of patients exposed to the carcinogen wdene was affected more than once. Among these regions, the nt
exhibited any VHL mutation. Of these tumors, 57% showetb4 change (C>T) of codon 81 (Pro>Ser) was the most common
additional loss of the homologous VHL allele. Any number o&nd affected 39% of RCCs in this patient sample with any VHL
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Table 4. Association between trichloroethylene (TRI) exposure levels and thgubstrate folN-acetyltransferases arfgtlyase (31). Enzymatic
frequency of von Hippel-Lindau (VHL) gene mutations* degradation of DCVC results in intermediates, i.e., chlorinated

thioketenes, and specific mercapturic acids, measurable end-

stage products used as flag compou(®z33). These mercap-

No. of patients (%) with

Severity of Total No.  Nucleotide No. _ _ turic acids were detected in the urine of TRI-exposed individuals
exposuret of patients 454 mutation mutation 1 mutation =2 mutations andin a patient who swallowed TRI as part of a suicide attempt
e 17 7 2 4 11 (34,35), pointing to an analogous glutathione-dependent path-
(41) 11) (24) (65) way in humans.
o 24 (2?) (22) (ég) (12) DCVC is mutagenic in bacterié36—38),and electrophilic
+ 0 3 0 0 halothioketenes readily react with DN vitro (39,40). Re-
(0) (100) (0) (0) cently, anotherin vitro study (41) established the DNA-
- 107+ 0 31/73  42/73% 0/73%

damaging effects of reactive TRI metabolites. Incubation of re-
nal epithelial cells with DCVC induced mutations in the TP53

*Statistical analysis of the association between TR exposure level and nugN€ (also known as p5:{)11). Furthe_rmor_e, It was _demon'
ber of VHL mutations yielded a value of 11.28 with one degree of freedom ﬂrated _that TRI metab0|lte§ preferentla”}’ interact with exocy-
chi-square testing according to Mantel-Haenszel (two-sRie601). clic amino groups of cytosine and adenine that may result in

tSeefootnotes to Table 3 for exposure classifications. spontaneous depurinatiof@0). Ester formation at the sugar/

fIndicates that among patient control subjects all were analyzed for presegq.ﬁ)sphate backbone and cross—linking of DNA strands are ad-
or absence of the nucleotide 454 mutgtlon, and 73 patients were comple Monal effects of these metabolites, both of which may lead to
analyzed for all VHL exons (our unpublished data). . . . .

DNA strand break. Compelling evidence for cytosine targeting

of chlorothioketene, the ultimate reactive intermediate-dy-

mutation. Absence of this mutation in lvmohocvte DNA of a@se—mediated cleaved DCVC, has come most recently from the
‘ ymphocy P33etection of cytosine adducts in reaction mixtures containing

tients and control subjects ruled out the mutation as representmi rothioketene and cytosin@2). Our findings of a unique

%Sgt)i/&O\:\?;slsr:gtorrgsgﬁtr?w“rF]QeC?:ZaQ? ﬁhé\f(ogesz\;er,;{?eemr;t ﬁ] Iz L mutation spectrum in RCCs of TRI-exposed patients may
. 1S NOL pres pO: pal ' Fjeﬂect a nonrandom affinity of mutagenic TRI metabolites for

cating specificity. Patients whose tumors carried a single mtr&- VHL gene. In particular, the frequent C>T transitions iden-

genic mutation at nt 454 exhibited an earlier age at disease Onﬁﬁ%d are in agreement with the presence of DNA-reactive me-
This preliminary observation may require an explanation for t bolites 9 b

mutation’s role in pathogenesis. In four patients, we detected t € human cancer, few examples are known of a relationship
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