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SHORT COMMUNICATION
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Molecular biomarkers are becoming increasingly important
tools to identify people who are at highest risk of developing
cancer. For many years we have been studying residents
of Qidong County, People’s Republic of China, to examine
the combined impact of aflatoxin exposure with other risk
factors as contributors to the high liver cancer incidence
rates in this region. This study was conducted to determine
the effects of aflatoxin exposure, as measured by serum
aflatoxin—albumin adduct levels, on somatic mutation
frequency in the human hypoxanthine guanine phospho-
ribosyl transferase gene KIPRT). Subjects were assigned
as low or high according to a dichotomization around
the population mean of aflatoxin—albumin adducts.HPRT
mutant frequency was determined in individuals by a T
cell clonal assay and the samples were categorized as low
or high according to mean values. Separate analyses were
also conducted for the small set of hepatitis B virus surface
antigen (HBsAg)-positive and the larger set of HBsSAg-
negative individuals, known risk factors for liver cancer.
An odds ratio of 19.3 (95% confidence interval 2.0, 183)
was demonstrated for a highHPRT mutation frequency in
individuals with high aflatoxin exposure compared with
those with low aflatoxin exposure. This association indicates
that aflatoxin-induced DNA damage in T lymphocytes,
assessed using the validated surrogate albumin adduct
markers, leads to increased mutations reflected as elevated
HPRT gene mutations. This cross-sectional study suggests
the potential use of mutation frequency of theHPRT gene
as a long-term biomarker of aflatoxin exposure in high
risk populations.

Abbreviations: AFB1, aflatoxin B1; HBsAg, hepatitis B virus surface antigen;
HCC, hepatocellular carcinomBlPRT, hypoxanthine guanine phosphoribosyl

's Republic of China

Aflatoxin B1 (AFB1) is known to be a major risk factor for
the development of hepatocellular carcinoma (HCC) in many
areas of the world (1-11). AFB1 exposure can be assessed by
measuring AFB1 metabolite levels in urine or blood proteins
and these biomarker measurements have been very valuable
in population-based studies to determine this agent’s role
in the etiology of HCC (12-17). However, these adduct
measurements will probably have a limited role in individual
risk assessment unless they are paired with other longer term
exposure and effect biomarkers. An example of a biomarker
reflecting long-term exposure to DNA damaging agents are
the somatic mutations that occur in the human X-linked
hypoxanthine guanine phosphoribosyl transferase g¢éR&7)
(18-26). The use oHPRT as a reporter gene for AFB1
exposure has not yet been defined in a human population,
however, since mutation frequencies in human T cells can
remain elevated for years after the specific insult (19,20,27),
cumulative exposure to AFB1 could potentially be measured.
Further, theHPRT mutant T lymphocyte assays are well-
developed methods for detecting vivo somatic cell gene
mutations in humans (26,28-30).

AFB1 is a very potent mutagen and threvitro mutational
spectrum of AFB1 in exon 3 of the hum&hPRT gene in B
lymphoblasts has been characterized. The mutational hotspot
induced by AFBLlin vitro in exon 3 of the native human
HPRTgene was a GC TA transversion at base 209, occurring
in 17% of AFBl-induced mutants (23). This information
provided a basis to studPRT mutation frequency in a high
AFB1 exposure area in Qidong County, People’s Republic of
China (31), and we report for the first time a relationship
betweenHPRT mutation and AFB1 exposure.

The study was conducted in Daxin Township, a community
of ~40 000 residents in Qidong County, where HCC causes
10% of all adult deaths (31,32). The subjects were a healthy
sub-group of individuals screened for participation in a chemo-
prevention trial with oltipraz that has been described previously
(33,34). None of the study subjects in this investigation were
active participants in the intervention trial but they had been
deemed eligible for inclusion by an extensive physical and
medical examination. The overall study cohort comprised 90
Chinese men and women aged 40-65 of whom 42 were male
and 48 were female. Ten milliliter blood samples were drawn
from the 90 participants into Leukoprep tubes. These samples
were processed immediately to separate serum, red blood cells
and white blood cells. They were sent within 48 h from the
time of collection on ice to the USA for analysis 6fPRT
mutations. An additional 3 ml blood sample was drawn from
the individuals for AFB1 analysis. In total, information on
age, gender, hepatitis B virus surface antigen (HBsAQ) status,
leukocytes, serum glutamic pyruvic transaminase (SGPT),
white blood cell count, hemoglobin and platelet counts were

transferase gene; PHA, phytohemagglutin; SGPT, serum glutamic pyruvi@btained. All of the samples were coded and each person who

transaminase; 6-TG, 6-thioguanine.
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analyzed a sample was blind to the identity of the subject.
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Table I. Distribution of variables from the cohort in Qidong County, People’s Republic of China

Variable Mutation frequency (no. of mutants per cell)
=26.3x10° (n = 11) <26.3x10°% (n = 23) OR 95% CI
No. Percent Mean: SE No. Percent Meanr SE

Age (years) 53+ 8 49+ 7
Gender

Female 3 27 9 39 1.00

Male 8 73 14 61 0.58 0.12, 2.8
Aflatoxin (pmol AFB1/mg albumin) 0.7¢= 0.12 0.41x 0.19

Low 1 10 15 68 1.00

High 9 90 7 32 19.30 2.0, 183
HBsAg

Negative 10 91 21 91 1.00

Positive 1 9 2 9 1.05 0.08, 12.9
Leukocytes (urinalysis)

Negative 10 91 21 91 1.00

Positive 1 9 2 9 1.05 0.08, 12.9
Clonal efficiency (%) 2.0: 1.0 6.0 5.0
Clinical pathology results

SGPT (IU) 19.7+ 4.7 18.0+ 5.3 1.07 0.92, 1.25

White blood cells (per mr) 6000 + 1468 5313+ 1154 1.00 0.99, 1.00

Hemoglobin (g/dl) 141+ 13 139+ 17 1.00 0.96, 1.06

Platelets (thousands/nijn 100 = 22 113+ 37 0.99 0.96, 1.01
3P < 0.05.

After receipt of the samples for assay idPRT mutation, concentrators (Amicon, Beverly, MA). The amount of human
the tubes were centrifuged again and the mononuclear ceflerum albumin resulting from this process was determined in
fraction was washed twice in medium (RPMI 1640) by each sample by a bromocresol purple dye binding method.
sedimentation, resuspended and frozen as described previoudigtal serum proteins were then digested with Pronase prior to
(29). For the cell cloning assay, the ampoules were thawed  the measurement of AFB1 content by a radioimmunoassay.
rapidly and the cell suspension added dropwise to 20 ml oAll statistical analyses were done using the statistical
RPMI 1640 containing 20% newborn bovine serum. After two package STATA.
washes by centrifugation, the cells were resuspended, counted,Of the 90 individuals for whom blood was collected, three
then diluted to X10° cells/ml and incubated for 3640 h with of the 42 males and six of the 48 females were HBsAg
1 pg/ml phytohemagglutin (PHA). Following centrifigation seropositive. The ages of the cohort ranged from 40 to 65
and washing the cells were inoculated at 1, 2, 5 or 10 cells/  years of age and the averageSBjewas 50.9 £7.3)
well (non-selection) and 1 or210* cells/well (selection) into  years for the males and 49.6:6.3) years for the females.
microtiter plates. Growth medium consisted of RPMI 1640  The average AFB1 measurement was 0.66 pmol AFB1/mg
medium containing 5% defined supplemented bovine callbumin and ranged from 0.27 to 1.19 pmol AFB1/mg albumin.
serum (Sterile Systems, Grand Rapids, MI), 20% HL-1 medium  Tests of hematology and blood chemistry, urinalysis and a
(Ventrex, Ventura, CA), 25 mM HEPES, 2 mMglutamine, liver function test gave no indications of hematological, renal
100 U/ml penicillin, 10ug/ml streptomycin sulfate and optimal  or liver disease. The clonal efficiencies were extremely low
amounts of T cell growth factor and 0.12%g/ml PHA. for the HPRT T lymphocyte cloning assay (4.0%). Due to
Selection wells contained 1M 6-thioguanine (6-TG). Wells  difficulty in the T cell cloning assay, many of the mutant
also contained % 10* irradiated (8000 rad) TK6 lymphoblas- frequencies (mutant frequency per clonable T cell) were not
toid feeder cells, all in a total volume of 0.2 ml. Cells were  able to be determined, significantly reducing the sample size.
incubated for 10-14 days and scored for colony growth byDespite the smaller sample size of 34, the data maintain their
use of an inverted phase microscope. robustness and statistical validity when variables known to be
Cloning efficiencies (non-selection and 6-TG selection) weraunassociated with mutant frequency are examined. The odds
calculated by the Poisson relationsifig= e, which defines  ratios for liver function (SGPT), white blood cells, hemoglobin
the average number of clonable cells/well, @nd factored by and platelets with mutant frequency are consistent with tight
the number of cells added to wells. The cloning efficiency in confidence intervals (Table I).
selection divided by the non-selected cloning efficiency defines Prior research has indicated the need to adill AR T mutant
the measured mutant frequency reported as the frequency of  frequency values for age and cloning efficiency (29,35-37)
6-TG-resistant cells per 1 000 000 cells analyzed. Clones werand the values shown have been adjusted. Mutant frequencies
also expanded for molecular analysis in modified RPMI 1640  were dichotomized for subsequent analysis based on the mean
containing feeder cells (2:610° cells/cn?) in increasingly  of the entire population (26:310°° mutants/T cell) (Table 1).
larger size wells. Neither age nor gender was associated MRRT mutant
The human serum samples were assayed for the detectidrequency.
of AFB1-albumin adducts by methods that have been described AFB1 was dichotomized based on the mean of the population
in detail (31). Briefly. the samples were first concentrated by(0.66 pmol AFB1/mg albumin). Previous studies for AFB1
high speed centrifugal filtration using Microcon-50 micro- have dichotomized exposure based on the mean of the popula-
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50 L L - oo b internal stimuli causing the cells to undergo cell death or
t . 1 apoptosis (40,41).
r , 1 If the T cell viability was affected by the shipping conditions,
40 - : . then a selection bias on the remaining samples is not likely to
° ‘e e 1 have occurred. If T cell viability was due to heavily damaged
cells, then the results would have been biased to one, as results
from those with the most environmental damage would not
L - have been obtained. For the remaining 34 samples, the range
201 o . ] of mutant frequencies were consistent. Despite the difficulty
[ . . d ] in obtaining HPRT mutant frequencies and the final limited
C oo e ] sample size, we believe that the mutant frequency values that
or % o« 1  were obtained are accurate and unbiased.
[ % 1 A major assumption in this study is that an individual's AFB1
ol 1w v v v by v v v by v e ey ] measurement will be representative of the AFB1 exposure
0.2 04 06 08 1.0 1.2 throughout their lives, even though AFBl-albumin adducts
p mol AF/mg albumin indicate recent exposure. Fortunately, the AFB1 measurements
Fig. 1. The individual data values for aflatoxin albumin adducts (pmol calculated in t.he study are compayable Wlth the AFB1 measure_
AFB1/mg albumin) andHPRT mutation frequency are depicted. The ments of previous year-long studies using this population (31).
vertical and horizontal dotted lines represent the mean values for each of Further, the differences between the dichotomized AFB1 levels
these two biomarkers. of low and high in this study are also consistent with that of
previous studies.
tion studied; the same has been done for this population. Measurement of AFBl1—albumin adducts is a valid method
Since everyone in this population is exposed to some degree, to reliably and sensitively measure AFB1 exposure. Similarly,
dichotomization allows stratification of this exposed populationthe T lymphocyte assay is the most reliable somatic mutation
by those who have very high levels of exposure and those  assay for mead®Rigmutant frequencies. Furthermore,
who have moderate to low exposures to AFB1. For thoseur population is well studied and their high exposures
distinguished as lowHPRT mutant frequencies, the mean  to AFB1 lends itself to studying subsequent effects. The
AFB1 was 0.41+ 0.19 pmol AFB1/mg albumin. The mean significantly positive odds ratio of 19.3 associating high
AFB1 value for those with high mutant frequencies was 0t70 AFBl1-albumin adducts with highlPRT mutant frequencies
0.12 pmol AFB1/mg albumin. In Figure 1, the relation betweenis therefore consistent with the hypothesis tH&RT mutant
AFBl-albumin adduct levels andPRT mutation frequency  frequencies are a reflection of AFB1-induced DNA damage.
for the individual samples are shown by the dotted lines A limitation to this study is the cross-sectional design. By
representing the mean values for these measures. An association definition, a cause and effect relationship cannot be ascertain
between AFB1 antHPRTmutant frequency was demonstrated from a cross-sectional study; it is unknown whether the
with an odds ratio of 19.3 (95% confidence intervals 2.0, 183) exposure leads to the outcome or whether the outcome precedec
for high mutant frequency in those with a high exposure tothe hypothesized exposure. In this case, however, biological
AFB1, compared with those with a low exposure to AFB1. plausibility indicates that AFB1 exposure leads to AFB1-—
This high risk population is exposed to a wide range ofalbumin and AFB1-DNA adducts, which in turn lead to DNA
AFB1 levels (31) and it is suspected that only individuals with damage severe enough to be repdR&iTgene mutations.
high levels of AFB1 exposure will develop DNA damage The association between AFB1 aH®RTmutant frequency
severe enough to be measured through reporter genes such as might be diluted due to exposure/AFB1 misclassification. It i
the HPRT gene. The use of this study cohort increases thdikely that some individuals with high measurements at the
likelihood of identifying an association between AFB1 and  time of blood collection are normally exposed at low levels
DNA mutations. That this cohort is also a high risk groupand vice versa The higher odds ratio associating AFB1
for HCC (32,38,39) increases the possibility of detecting exposure HIPRT mutants (19.3) versus AFB1 exposure
intermediate outcomes in the carcinogenic process such and HCC (usually ~3.0) is expected. Even though most
mutations. individuals in this population are exposed on some level to
The typical mutant frequency for normal healthy adults inAFB1, only those with high levels of AFBl-albumin adducts
the HPRT gene is 5-&10° mutants/cell (22,23). The mean  will lead to high mutant frequencies inHIRRT reporter
mutation frequency for this population is 2&30° mutants/  gene and even though high AFB1 exposures were not compared
cell. The significantly high mutant frequency indicates that  with truly unexposed individuals, the association suggests that
this population suffers from exposure to environmental agentenly high exposures and high albumin adduct levels are
that lead to DNA damage. In this study, mutant frequencies  associated with subsequent DNA damage severe enough to be
of only 34 of 90 individuals were able to be analyzed for allreported by theHPRTgene. After all, not all individuals with
markers. Thirty-six of the individuals had T cells which were ~ AFB1 exposure as measured by AFB1 adducts will develop
not viable and could not be stimulated. An additional 20HCC. Therefore, not all individuals with AFB1 adducts will
individuals had T cells that were viable, but subsequent mutants manifest long-term DNA damage as inc¢i@SEd
were not able to be cloned. It is possible that shippingmutationsHPRTisolated from T cells allows the reporting of
conditions and time taken to deliver the samples from China  such damage due to its lower capacity for repair and the longer
to Vermont may have affected the ultimate viability of the T half-life. Finally, the lack of association between HBsAg
cells. Equally likely, however, is that the individuals’ blood aA®RT mutant frequency further supports the association
samples reflect that of a population exposed to damagingetween AFB1 exposure aitPRTmutant frequency. IHPRT
environmental exposures that lead to appropriate external or mutant frequency is demonstrated to be associated with HCC.
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it can possibly serve as a marker of AFBl-induced HCC, mutations in humans: biomarkers for genotoxicitgnviron. Health

i it ; Nl Perspect. 101 (suppl. 3), 193-201.
independent of hepatitis B infection-induced HCC. 21.Cariello,N.F. and Skopek,T.R. (1993) Analysis of mutations occurring at

the human HPRTJ. Mol. Biol,, 231, 41-57.
Acknowledgements 22.Cariello,N.F. and Skopek,T.R. (1998)vivo mutation at the human HPRT
locus.Trends Genet.9, 322—-326.
We wish to acknowledge the technical support of Xia He to this research23. Cariello,N.F., Cui,L. and Skopek, T.R. (1994)vitro mutational spectrum
This study was supported in part by NIH grants RO1 ES06727, PO1 ES06052, of aflatoxin B1 in the human hypoxanthine guanine phosphoribosyl
P30 ES 03819 and N0O1-CN-25437. transferase gen€ancer Res.54, 4436—-4441.
24, Cariello,N.F. (1994) Database and software for the analysis of mutations
at the human HPRT genblucleic Acids Res22, 3547-3548.

References 25. Cariello,N.F. (1994) Software for the analysis of mutations at the human
; ; ; HPRT geneMutat. Res.312, 173-185.

1.Linsell,C.A. and Peers,F.G. (1977) Aflato d liver cell cantens. 9 ? . .
Rllnsé%(:. Trop.nMed.‘;rf/g?l, 4(71. ) Aflatoxin and liver ce 26.Albertini,R.J. and O’'Neill,J.P. (1995) Human monitoring for somatic

2 LinsellC.A (1 Inci f hepato-carcinoma in relationship t mutation in humgnEnviron_. Mu_tagen.l?, 1—_25.

a:‘?astiiig intaf(esfr?h ?gggglceSuoppl e?’palg_claSCI oma in refationship 027.Hakoda,M., Hirai,Y., Kyoizumi,S. and Akiyama,M. (1989) Molecular
3.0nYemelukwe.C.G.. Nirodi C. and West C.E (1980) Aflatoxin B1 in analysis ofin vivo HPRT mutant T cells from atomic bomb survivors.

’ DU . "y - Environ. Mol. Mutagen.13, 25-33.

hepatocellular carcinomdrop. Geogr. Med.32, 237-240. h o . .
4.Decker,R.H. and Kuhns,M.C. (1986) Epidemiology of primary liver cancer.28' Branda,R.F., Sulllvan,L._M_., O'Neill.J., Falta,M.T, Nicklas,J.A., Hirsch,B.,

Biochem. Mol. Epidemiol. Cance40, 227—231. Vacek,P.M. a}nd Albertini,R.J. (1993) Measurement of HRRT mutant
5.Groopman,J.D., DeMatos,P., Egner,P.A., Love-Hunt,A. and Kensler T.W. frequencies in T-lymphocytes from healthy human populatidistat.

- ; f : Res, 285, 267-279.
(1992) Molecular dosimetry of urinary aflatoxin-N7-guanine and serum . . . .
aflatoxin albumin adducts predicts chemoprotection by 1’2_dithiole_3_29.0Ne|II,J.P.,McGlnnlss,M.J.,Berman,J.K.,Sulllvan,L.M.,N|cklas,J.A. and

thione in rats Carcinogenesis13, 101—106. Albertini,R.J. (1987) Refinement of a T-lymphocyte cloning assay to

6.Groopman,J.D. and Skipper,P.L. (19949lecular Dosimetry and Human ﬁﬂuantify thgig \éi;/ogtzlioguanine-resistant mutant frequency in humans.
: R : A ; ; ] utagenesis2, 87-94.
ginsgerécﬁga&f;! I?:p;_ldemlologlcal and Social Consideration€RC 30.O'Neill,J.P., Sullivan,L.M., Booker,J.K., Pornelos,B.S., Falta,M.T.,

- . . Greene,C.J. and Albertini,R.J. (1989) Longitudinal study of ithevivo
7.Bailey,G.S. (1994) Role of aflatoxin—DNA adducts in the cancer process. : 3 :
In The Toxicology of Aflatoxins: Human HealtfeterinaryandAgricultural HPRT mutant frequency in human T-lymphocytes as determined by a cell

L . cloning assayEnviron. Mol. Mutagen.13, 289-293.
Significance Academic Press, New York, NY, pp. 137-199. : .
8.Busby,W.F. and Wogan,G.N. (1984) Aflatoxins. In Searle,C.E. (ed_)’31.Wang,J., Qian,G., Zarba,At al. (1996) Temporal patterns of aflatoxin

! . ; ) ; - albumin adducts in hepatitis B surface antigen positive and negative
Chemical Carcinogeng2nd Edn. American Chemical Society, Washington, : . . People’s R lic of Ch
DC. pp. 945-1136. residents of Daxin, Qidong County, People’s Republic of Chancer

; . . o Epidemiol. Biomarkers Prevs, 253—-261.
9. Dragan,Y.P_. and Pitot,H.C. (1994) Aflatoxm carcinogenesis In the C°”texéz.zﬁu Y., Chen,H. and Huang,X. (1990) 20 hepatocellular carcinoma in
of the multistage nature of cancdioxicol. Aflatoxing??, 179-199. L ; :

: ; ] . idon nty. InPrimary Liver Cancer China Academic Publishers,
10. Hall,A.J. and Wild,C.P. (1994) Epidemiology of aflatoxin-related disease. S(Iecijjci)ng?, gﬁ;a,}/pp.zoll—zzyz. W eren 1c Fubl

In The Toxicology of Aflatoxins: Human HealtfeterinaryandAgricultural 33.Jacobson,L.P., Zhang,B.C., ZhuY.Ret al. (1997) Oltipraz

Significance Academic Press, New York, NY, pp. 233-254. - chemoprevention trial in Qidong, PRC: study design and clinical outcomes.
11.1ARC (1994)IARC Monographs on the Evaluation of Carcinogenic Risks  ~ancer Epidemiol. Biomarkers Pred, 257—265.

to Humans Vol. 59. Hepatitis Viruses. IARC, Lyon. 34.Kensler, T.W., He,X., Otieno,Met al. (1998) Oltipraz chemoprevention
12.Gan,L.S., Skipper,P.L., Peng,X.C., Groopman,J.D., Chen,J.S., Wogan,G.N. ria] in Qidong, P.R.C.: modulation of serum aflatoxin albumin adduct
and Tannenbaum,S.R. (1988) Serum albumin adducts in the molecular iomarkersCancer Epidemiol. Biomarkers Pre¥, 127-134.

epidemiology of aflatoxin carcinogenesis: correlation with aflatoxin B1 35 Njicklas,J.A., O'Neill,J.P., Sullivan,L.M., Hunter,T.C., Allegretta,M.,

intake and urinary excretion of aflatoxin MCarcinogenesis9, 1323- Chastenay,B.F., Libbus,B.L. and Albertini,R.J. (1988) Molecular analyses
1325. . of in vivo hypoxanthine-guanine phosphoribosyl transferase mutations in
13.Groopman,J.D., Zhu,J., Donahue,P.R., Pikul,A., Zhang,L., ChenJ. and phyman T-lymphocytes: 1. Demonstration of a clonal amplification of

Wogan,G.N. (1992) Molecular dosimetry of urinary aflatoxin-DNA adducts  HpRT mutant T-lymphocytes vivo. Environ. Mol. Mutagen12, 271—284.
in people living in Guangxi Autonomous Region, People’s Republic of 36 Nicklas,J.A., Hunter,T.C., O’'Neill,J.P. and Albertini,R.J. (1989) Molecular
China.Cancer Res.52, 45-52. ) analyses ofin vivo HPRT mutations in human T-lymphocytes: IIl.
14.Ross,R.K., YuanJM., YuM.C., Wogan,G.N., QianG.S. TuJd.T., |ongitudinal study of HPRT gene structural alterations and T-cell clonal
Groopman,J.D., Gao,Y.T. and Henderson,B.E. (1992) Urinary aflatoxin  origins. Mutat. Res.215, 147-160.
biomarkers and risk of hepatocellular carcinorhancet 339, 943-946. 37.Albertini,R.J., O'Neill,J.P., Nicklas,J.A., Recio,L. and Skopek, T.R. (1990)
15.Groopman,J.D. and Kensler, T.W. (1993) Molecular biomarkers for human HPRT mutationsin vivo in human T-lymphocytes: frequencies, spectra
chemical carcinogen exposur&hem. Res. Toxicol6, 764—770. and clonality.Mutat. Environ, 340C, 15-24.
16.Groopman,J.D., Roebuck,B.C. and Kensler, .W. (1994) Carcinogen-DNASg Chen,Q., Yun,Z., Shen,Q., Jin,B., Tang,J., Fan,M. and Min,J. (1992) A 14-
and protein adducts as intermediate biomarkers for human chemoprotection year prospective study on the risk factors of liver cancer of high risk
trials. In Jacobs,M. (ed.piet and Cancer: Markers, Prevention and population with liver disease history in Qidong CourltyNanjing Railway
TreatmentPlenum Press, New York, NY, pp.149-160. Med. Coll, 9, 152—-156.
17.Qian,G., Ross,R.K., Yu,M.C., Yuan,J., Henderson,B.E., Wogan,G.N. and9.Kuang,S.Y., Frang,X., Lu,P.X., Zhang,Q.N., Wu,Y., Wang,J.B., Zhu,Y.R.,
Groopman,J.D. (1994) A follow-up study of urinary markers of aflatoxin Groopman,J.D., Kensler,TW. and Qian,G.S. (1996) Aflatoxin—albumin
exposure and liver cancer risk in Shanghai, People’s Republic of China. adducts and risk for hepatocellular carcinoma in residents of Qidong,
Cancer Epidemiol. Biomarkers Preg, 3-10. People’s Republic of ChingProc. Am. Assoc. Cancer Re871, A1216
18.Lambert,B., Anderson,B., He,S.M., Marcus,S. and Steen,A.M. (1992) (abstract).
Molecular analysis of mutation in the human gene for hypoxanthine40.Boise,L.H., Min,A.J. and Thompson,C.B. (1995) Receptors that regulate

phosphoribosyltransferasklol. Genet. Med.2, 161-188. T-cell susceptibility to apoptotic cell deathnn. NY Acad. Sci766, 70-80.
19. Albertini,R.J., Nicklas,J.A., Fuscoe,J.C., Skopek,T.R., Branda,R.F. andl.Russell,J.H. (1995) Activation-induced death of mature T cells in the
O'Neill,J.P. (1993)In vivo mutations in human blood cells: biomarkers regulation of immune responsedurr. Opin. Immunol. 7, 382—-388.

for molecular epidemiologyEnviron. Health Perspect99, 135-141.
20. Albertini,R.J., Nicklas,J.A. and O’'Neill,J.P. (1993) Somatic cell geneReceived January 19, 1999; revised July 1, 1999; accepted July 9, 1999

2184



