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Summary. The frequency of  spontaneous 6-thioguanine (TG)-  
resistant peripheral  blood lymphocytes in five unrelated 
W e m e r  syndrome (WS) patients was determined using an 
autoradiographic labeling assay. The  average frequency of 
TG-resistant  lymphocytes was eightfold higher in WS patients 
than in sex- and age-matched normal  control donors.  This 
finding and previous identification of  increased spontaneous 
chromosomal  rearrangements  and deletions in WS cells or  cell 
lines suggest that WS is a human genomic instability or  
mutator  syndrome. 

Introduction 

Werner  syndrome (WS; McKusick catalog number  27770) is a 
rare, autosomal  recessive disorder that has been referred to as 
a "segmental  progeroid syndrome"  or  caricature of normal  
aging (Martin 1978; Epstein et al. 1966). WS patients demon-  
strate several features of premature  aging. These  features in- 
clude short stature; premature  graying of the hair; early de- 
ve lopment  of cataracts, atherosclerosis,  diabetes mellitus, and 
osteoporosis;  and a predisposit ion to malignancy (Epstein et 
al. 1966). 

The genetic defect in WS has not  been  characterized. A 
number  of differences be tween cells f rom WS patients and 
normal  individuals have been identified, however .  For  exam- 
ple, skin fibroblasts from WS patients exhibit  slow growth and 
a reduced life span in vitro (Martin et al. 1970; Holl iday et al. 
1974; Higashikawa and Fujiwara 1978; Thompson  and Holli-  
day 1983), and a reduced rate of D N A  replication (Fujiwara et 
al. 1977; Takeuchi  et al. 1982a, b) though apparently normal 
D N A  repair (Fujiwara et al. 1977; Higashikawa and Fujiwara 
1978; Thompson  and Holl iday 1983). 

WS is a chromosomal  or  genomic instability syndrome at 
the cellular level. We and others have observed an increased 
frequency of both spontaneous and induced chromosomal  
aberrations in WS cells (Nordenson 1977; Salk et al. 1981; 
Scapparicci et al. 1982; Gebhar t  et al. 1988). WS also appears 
to be a mutator  mutat ion at the molecular  level. Simian virus 
40 (SV-40)-transformed fibroblast cell lines from WS patients 
display an increased spontaneous mutat ion rate at the X- 
l inked  hypoxan th ine  phosphor ibosy l t rans fe rase  ( H P R T )  
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locus, and a high proport ion (76%) of  extensive H P R T  gene 
deletions in independent  spontaneous TG-resis tant  mutants 
(Fukuchi et al. 1985; Fukuchi  et al. 1989). 

We have used an autoradiographic labeling assay (Strauss 
and Albert ini  1979) to determine  whether  the muta tor  pheno- 
type of WS cells occurs in vivo. The frequencies of TG-resis-  
tant and spontaneously cycling lymphocytes in peripheral  
blood f rom five unrelated WS patients and control  donors 
were determined using this assay. 

Materials and methods 

WS patients and control donors 

Peripheral  blood samples were  obtained by venipuncture from 
six unrelated WS patients and six control  donors. The diag- 
nosis of WS was made on the basis of clinical findings sum- 
marized in Table  1 (Epstein et al. 1966; Murata  and Naka-  
shima 1982). The parents  of WS patients,  WS-2, WS-4, and 
WS-5, were first cousins. None  of the WS patients were sibs. 
Patients,  WS-2, WS-4 and WS-5, were receiving no medica- 
tion at the t ime of study, and none of the WS patients or  con- 
trois had previously received therapeutic  agents that are 
known mutagens or  carcinogens. Patients WS-1 and WS-3 
were  receiving medicat ion for skin ulcers and for atherosclero- 

Table 1. Clinical features of Werner syndrome (WS) patients a 

WSpatient WS-1 WS-2 WS-3 WS-4 WS-5 WS-6 

Age (years) 52 42 41 37 37 25 
Sex b F M M F F F 
Parental consanguinity c - + - + + - 
Skin ulcers on legs + - + - - - 
Soft tissue calcification + + - + - - 
Osteoporosis + + + - - + 
Affected sibs - + - + - - 

a All six patients demonstrated the following clinical findings: short 
stature, thin limbs with a stocky trunk, premature graying and loss of 
hair, scleroderma like skin changes, glucose intolerance or diabetes 
mellitus, cataracts, and a high-pitched or hoarse voice. None of the 
patients had a documented malignancy 
b F, female; M, male; +, present; - ,  absent or not detected 
c The parents of WS-2, WS-4, and WS-5 were first cousins; the first 
cousin pairs were not related 
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tic vascular disease with agents not known to be cytotoxic or 
mutagenic. Lymphocytes from five patients (WS-1 to WS-5) 
and matched control donors (N-1 to N-5) were used to deter- 
mine the frequency of TG-resistant cells in peripheral blood, 
while lymphocytes from the remaining patient (WS-6) and 
control donor (N-6) were used to determine the fraction of 
spontaneously cycling cells in cultures labeled with [3H]- 
thymidine for 30 min or 12 h. 

Autoradiographic method 

The variant frequency of TG-resistant peripheral blood lym- 
phocytes in WS patients and control donors was determined 
by a modification of the method of Strauss and Albertini 
(1979). Heparinized (10 units/ml) whole blood was mixed with 
an equal volume of phosphate-buffered saline (PBS) and laid 
over Lymphocyte Separation Medium (Bionetics) in a 15-ml 
polystyrene centrifuge tube (Corning). The tubes were cen- 
trifuged for 30 min at 400x g. The lymphocyte layer was re- 
moved, washed twice with PBS, and then resuspended in 
RPMI 1640 medium containing 12.5% fetal calf serum (previ- 
ously heat-inactivated at 56~ for 20 min), 100 units/ml peni- 
cillin and 50 lag/ml streptomycin. Four identical lymphocyte 
cultures were set up in 15-ml polystyrene centrifuge tubes. 
Each culture contained 1.6 x 106 peripheral blood lympho- 
cytes in 2 ml of medium supplemented with 2.5 lal/ml bacto- 
phytohemagglutinin P (PHA-P, Difco catalog no. 3110-56-4). 
Two of the four cultures were supplemented with 1.8 • 10 -4 M 
(30gg/ml) 6-thioguanine (TG) (2-amino-6-mercaptopurine; 
Wako) prior to growth. A fifth culture containing 1.8 • 10 .4 
M TG but no PHA-P was set up to allow determination of the 
frequency of spontaneously cycling cells in each patient and 
control sample. Cultures were grown in a humidified, 37~ 
5% CO2/95% air atmosphere for 40h, then labeled by the ad- 
dition of [3H]thymidine (specific activity 25Ci/mmol; New 
England Nuclear) to a final concentration of 1 ~tCi/ml for an 
additional 12 h of growth. 

Cell nuclei were prepared for autoradiography by the addi- 
tion of 4vol (8ml) of 0.1 M citric acid to each culture, fol- 
lowed by centrifugation and fixation of the resuspended pellet 
in 0.4 ml of methanol-acetic acid (5 : 1) at 4~ for _> 3 h. Nuclei 
were triturated through a 23-gauge, 6-cm needle fitted in a 
2.5-ml syringe, then counted and distributed onto 18mm 2 
coverslips fixed to glass slides with Eukitt (Zeiss). Coverslips 
were air-dried, stained with 1% aceto-orcein for 3 min, rinsed 
with distilled water, and then dipped in NTB 2 emulsion 
(Eastman Kodak) diluted 1:1 (v/v) with water. Emulsion- 
coated coverslips were exposed at 5~ for 1 week prior to 
development. 

Labeled and unlabeled nuclei were counted by light micro- 
scopy. Approximately 5,000 nuclei from cultures without TG, 
and approximately 300,000 nuclei from cultures supplemented 
with TG, were analyzed for each WS patient and control 
donor. Counts from duplicate cultures were pooled to calcu- 
late variant frequencies. 

The frequency of spontaneously cycling cells in five WS 
patients (WS-1 to WS-5) and five control donors (N-1 to N-5) 
was determined using 2-ml lymphocyte cultures that had not 
been PHA-P-stimulated. Cultures were grown for 40 h in the 
presence of 1.8 • 10-4M TG, then labeled for 20-30 min with 
1 gCi/ml [3H]thymidine. Labeled nuclei were determined as 
described above. A comparable number of nuclei, approxi- 
mately 3 x 10 s, were examined from each WS and control cul- 

ture. TG-supplemented lymphocyte cultures from the remain- 
ing WS patient (WS-6) and control donor (N-6) were grown 
for 40h in the absence of PHA-P, then labeled with [3H]- 
thymidine for either 30 min or 12 h and counted as described 
above to determine whether the frequency of spontaneously 
cycling cells varied as a function of the length of [3H] thymidine 
labeling. A comparable number of nuclei, approximately 
3 x 105, were examined from WS (WS-6) and control (N-6) 
cultures at each time point. 

The TG-resistant variant frequency of cultures was calcu- 
lated by dividing the frequency of labeled nuclei in TG-con- 
taining cultures by the frequency of labeled nuclei in cultures 
grown in the absence of TG. The frequency of labeled nuclei 
in TG-containing cultures was corrected by subtracting the 
frequency of spontaneously cycling cells in each culture. 

Results 

Thioguanine-resistant variant frequencies ranged from 1.24 
x 10 -4 to 3.86 x 10 -4 in WS patients, and from 0.12 x 10 -4 to 
0.31 x 10 -4 in control donors. An eightfold difference in mean 
variant frequency was observed between WS patients 
(1.86_+0.45 x 10 -4) and control donors (0.23 _+ 0.03 x 10 4; 
Table 2). The 95% confidence intervals for variant frequen- 
cies in each patient and donor were calculated by assuming 
that the number of labeled nuclei was a Poisson variable and 
that the proportion of labeled nuclei in control cultures was a 
binomial fraction (Sylwester and Albertini 1985). 

One spontaneously cycling cell was observed in each of 
two WS patients (WS-2 and WS-5) and two spontaneously 
cycling cells in one control donor (N-l) in TG-containing 
cultures grown without PHA-P stimulation (Table 2). The 
number of spontaneously cycling cells was similar in the WS 
(WS-6) and control (N-6) cultures labeled for 30 min or 12 h 
after growth for 40 h in the presence of TG: two cells were de- 
tected in the WS (WS-6) and one cell in the control (N-6) cul- 
ture after 30 min labeling, while one cell was detected in the 
WS and two cells in the control culture after 12 h of labeling 
when comparable numbers of nuclei were examined from 
each culture and time point. 

Discussion 

We have observed an eightfold elevation in the mean fre- 
quency of TG-resistant peripheral blood lymphocytes in WS 
patients as compared with normal donors using an autoradio- 
graphic labeling assay. This difference in variant frequencies is 
statistically significant (0.01 < P <  0.025, d = 3.23 with 4 de- 
grees of freedom in a single-tail t-test where variances were 
not assumed equal; Bailey 1981). The control donor variant 
frequencies we determined (0.12 x 10 -4 to 0.31 x 10 4) are 
comparable to control donor variant frequencies determined 
by others using similar methods (Strauss and Albertini 1979; 
Lange and Pranter 1982). Elevated variant frequencies com- 
parable to those we observed in WS patients (1.24 • 10 -4 to 
3.86 x 10 -4) have been observed in patients receiving chemo- 
therapy or radiation therapy (Strauss and Albertini 1979; 
Lange and Pranter 1982), and in patients with Bloom syn- 
drome and Faneoni anemia, two rare, recessive chromosomal 
instability syndromes (Vijayalaxmi et al. 1983; 1985). Vij- 
ayalaxmi et al. (1983, 1985) observed more cycling cells (zero 
to four cycling cells in 104 consecutive nuclei) in Bloom syn- 
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Table 2. Frequency of thioguanine-resistant cells in peripheral blood lymphocyte cultures from WS patients and controls 

+ Thioguanin& - Thioguanin& Adjusted variant 

No. of labeled No. of cells No. of labeled No. of c e l l s  frequencyb 
cells counted cells counted (x 10- 4) 

95% Confidence 
interval c 
(x 10 -4) 

WS patients 
WS-1 15 309,725 1,997 5,341 1.30 
WS-2 13 265,600 1,940 5,325 1.24 
WS-3 23 140,859 2,287 5,412 3.86 
WS-4 13 301,250 2,245 8,345 1.60 
WS-5 16 263,467 2,248 5,082 1.29 

Mean + standard error 1.86 

Control donors d 
N-1 7 485,704 2,371 5,530 0.24 
N-2 4 476,999 2,288 5,122 0.19 
N-3 4 346,104 2,405 6,528 0.31 
N-4 1 197,458 2,193 5,211 0.12 
N-5 3 321,600 1,775 5,210 0.27 

Mean + standard error 0.23 

+ 0.45 

-+ 0.03 

0.72-2.14 
0.64-2.17 
2.45-5.80 
0.85-2.76 
0.72-2.12 

0.078-0.56 
0.047-0.48 
0.085-0.80 
0.003-0.67 
0.056-0.80 

a PHA-P-stimulated cultures grown in the presence (+) or absence ( - )  of 1.8 x 10-4M 6-thioguanine (TG) 
b The adjusted variant frequency for each sample was calculated by subtracting the number of spontaneously cycling cell nuclei, corrected for the 
number of nuclei counted, from the frequency of labeled nuclei in PHA-P-stimulated TG-containing cultures, then dividing by the frequency of 
labeled nuclei in PHA-P-stimulated cultures grown in the absence of TG (see Materials and methods) 
c 95% confidence intervals for adjusted variant frequencies were calculated by assuming that the number of labeled nuclei is a Poisson variable, 
and that the labeling index (fraction of nuclei labeled) is a binomial fraction (8ylwester and Albertini 1985) 
d WS patients and control donors were matched for age and sex, with the exception of the ages of patient WS-6 (age 25; female) and control donor 
N-6 (age 28; female) 

drome and Fanconi anemia patients than we did in WS pa- 
tients. To estimate cycling ceils, they incubated peripheral 
blood lymphocytes immediately after isolation in the presence 
of [3H]thymidine for 15 rain, while we incubated lymphocytes 
for 40h in medium containing 1.8 x 10-4M TG prior to 
[3H]thymidine labeling for 20-30 min. Growth of lymphocytes 
for 40 h in the presence of TG may have suppressed DNA syn- 
thesis in a portion of spontaneously cycling cells in our experi- 
ments. 

In the autoradiographic assay, labeled nuclei are derived 
from HPRT-deficient, TG-resistant cells and from "pheno- 
copies," cycling cells that contain HPRT activity and are not 
stably TG-resistant (Albertini et al. 1981). Variant frequen- 
cies obtained using fresh lymphocytes from the autoradio- 
graphic assay are parallel to, but 10- to 100-fold higher than, 
variant frequencies obtained using cryopreserved lymphocyte 
populations, in which most "phenocopies" are not detected 
(Albertini et al. 1981, Albertini 1982). Autoradiographic as- 
says using cryopreserved lymphocytes give variant frequencies 
that are quantitatively similar to those obtained using T-cell 
cloning assays (Albertini 1985), and thus both assays can be 
used to quantify TG-resistant lymphocytes in human periph- 
eral Mood. Analyses of cell surface antigens, of the structure 
of T-cell receptor genes, and of HPRT gene alterations in TG- 
resistant T-cell clones suggest that many of the HPRT-defi- 
cient, TG-resistant lymphocytes detected by T-cell cloning 
and autoradiographic labeling assays are independent mutants 
(Albertini 1985; Albertini et al. 1985; Turner et al. 1985; 
Nicklas et al. 1987). 

The elevated variant frequencies we observed in WS 
patients do not appear to be a result of more spontaneously 
cycling cells or different labeling kinetics in WS patients as 
compared with control donors. We observed comparable fre- 
quencies of spontaneously cycling cells in five WS patients and 
five control donors after labeling lymphocyte cultures for 20- 

30 min with [3H]thymidine, and no difference in the frequency 
of spontaneously cycling cells in one WS patient (WS-6) and 
one control donor (N-6) after labeling cultures for 30 min or 
12h. 

We plan to isolate and characterize TG-resistant lympho- 
cyte clones from WS patients to confirm the presence of an 
elevated mutation frequency and to rule out other possible 
causes of elevated variant frequencies in WS patients. For 
example, cells containing the WS mutation could be more 
resistant to TG than are control ceils. This is unlikely, how- 
ever, as cell lines derived from WS patients and controls are 
comparably sensitive to killing by TG (Fukuchi et al. 1989). 
Other possible explanations for elevated WS variant frequen- 
cies in the absence of elevated mutation frequencies are re- 
laxed selection against HPRT-deficient peripheral blood lym- 
phocytes, and clonal amplification of TG-resistant lympho- 
cytes (Nicklas et al. 1988), in WS patients in vivo. Somatic 
selection against HPRT-deficient cells in vivo is suggested by 
the much lower than expected frequencies of TG-resistant 
lymphocytes and erythrocytes, but not fibroblasts, in females 
heterozygous for HPRT deficiency (McDonald and Kelley 
1972; Strauss et al. 1980; Dempsey et al. 1983), and by the 
rapid decline in elevated variant frequencies associated with 
cyclophosphamide therapy in multiple sclerosis patients after 
the cessation of treatment (Ammenheuser et al. 1988). The 
elevated variant frequencies we observed in WS patients can 
be explained solely by the elevated spontaneous mutation rate 
we have observed in WS cells (Fukuchi et al. 1985, 1989), 
however. Thus preferential clonal expansion of or relaxed 
selection against TG-resistant lymphocytes in WS patients are 
unlikely explanations for our results. 

The elevated variant frequency of spontaneous TG-resistant 
peripheral blood lymphocytes and the elevated rate and altered 
spectrum of spontaneous HPRT mutations we have identified 
in cells and cell lines from WS patients suggest that WS is a 
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h u m a n  genomic  instabi l i ty  syndrome  or  m u t a t o r  muta t ion .  
These  results  suggest  tha t  somat ic  mu ta t i on  accumula t ion ,  
and  pe rhaps  the  p re fe ren t ia l  accumula t ion  of  dele t ions ,  might  
play pa thogenet ica l ly  i m p o r t a n t  roles in the  p roduc t ion  of WS 
and  of associated,  a g e - d e p e n d e n t  h u m a n  disease processes 
such as a therosclerosis  and  neoplas ia  (Fukuchi  et al. 1985; 
Bend i t t  and  Bend i t t  1973; Bishop  1988). 

Local iza t ion and  charac te r iza t ion  of the  genetic  defect  in 
WS should  aid ident i f ica t ion of the  b iochemica l  pa thways  re- 
sponsible  for  the  m u t a t o r  p h e n o t y p e  of WS. Ident i f ica t ion of 
the  genet ic  defect  in WS may  have  addi t ional  pract ical  impor-  
tance ,  as the  affected gene  or genes  appea r  to modula te  the  
ra te  of appea rance  of  the  h u m a n  aging pheno type  and  of sev- 
eral  clinically impor t an t ,  age-associated h u m a n  disease pro- 
cesses. 

Acknowledgements. We wish to thank Drs. S. Tarui and T. Tsujii for 
providing the blood samples, Dr. Ellen Wiisman for statistical advice, 
and J. Garr for help in preparing the manuscript. This work was sup- 
ported by a research grant from the Ministry of Education, Japan, and 
by grant 2 PO1 AG01751 from the National Institutes of Health. 

References 

Albertini RJ (1982) Studies with T-lymphocytes: an approach to 
human mutagenicity monitoring. In: Bridges BA, Butterworth 
BE, Weinstein IB (eds) Indicators of genotoxic exposure 1982. 
(Banbury report 13) Cold Spring Harbor Laboratory, Cold Spring 
Harbor, NY, pp 393-412 

Albertini RJ (1985) Somatic gene mutations in vivo as indicated by 
the 6-thioguanine-resistant T-lymphocytes in human blood. Mutat 
Res 150:411-422 

Albertini RJ, Allen EF, Quinn AS, Albertini MR (1981) Human so- 
matic cell mutation: in vivo variant lymphocyte frequencies as de- 
termined by 6-thioguanine resistance. In: Hook EB, Porter IH 
(eds) Population and biological aspects of human mutation. (Birth 
Defects Institute Symposium XI) Academic Press, New York 
London, pp 235-263 

Albertini RJ, O'Neill JP, Nicklas JA, Heintz NH, Kelleher PC (1985) 
Alterations of the hprt gene in human in vivo-derived 6- 
thioguanine resistant T lymphocytes. Nature 316 : 369-371 

Ammenheuser MM, Ward JB Jr, Whorton EB Jr, Killian JM, 
Legator MS (1988) Elevated frequencies of 6-thioguanine-resis- 
tant lymphocytes in multiple sclerosis patients treated with cyclo- 
phosphamide: a prospective study. Mutat Res 204:509-520 

Bailey NTJ (1981) Statistical methods in biology, 2nd edn. Hodder & 
Stoughton, London, pp 49-51 

Benditt EP, Benditt JM (1973) Evidence for a monoclonal origin of 
human atherosclerotic plaques. Proc Natl Acad Sci USA 70: 
1753-1756 

Bishop JM (1988) The molecular genetics of cancer: 1988. Leukemia 
2 : 199-208 

Dempsey JL, Morley AA, Seshadri RS, Emmerson BT, Gordon R, 
Bhagat CI (1983) Detection of the carrier state for the X-linked 
disorder, the Lesch-Nyhan syndrome, by the use of lymphocyte 
cloning. Hum Genet 64: 288-290 

Epstein CJ, Martin GM, Schaltz AL, Motulsky AG (1966) Werner's 
syndrome: a review of its symptomatology, natural history, patho- 
logic features, genetics and relationship to the natural aging pro- 
cess. Medicine 45 : 177-221 

Fujiwara Y, Higashikawa T, Tatsumi M (1977) A retarded rate of 
DNA replication and normal level of DNA repair in Werner's 
syndrome fibroblasts in culture. J Cell Physiol 92 : 365-374 

Fukuchi K, Tanaka K, Nakura J, Kumahara Y, Uchida T, Okada Y 
(1985) Elevated spontaneous mutation rate in SV40-transformed 
Werner syndrome fibroblast cell lines. Somat Cell Mol Genet 11 : 
303-308 

Fukuchi K, Martin GM, Monnat RJ Jr (1989) Mutator phenotype of 
Werner syndrome is characterized by extensive deletion muta- 
tions. Proc Natl Acad Sci USA 86 : 5893-5897 

Gebhart E, Bauer R, Schinzel M, Ruprecht KW, Jonas JB (1988) 
Spontaneous and induced chromosomal instability in Werner syn- 
drome. Hum Genet 80 : 135-139 

Higashikawa T, Fujiwara Y (1978) Normal level of unscheduled DNA 
synthesis in Werner's syndrome fibroblasts in culture. Exp Cell 
Res 113:438-442 

Holliday R, Porterfield JS, Gibbs DD (1974) Premature aging and 
occurrence of altered enzyme in Wcrner's syndrome fibroblasts. 
Nature 248 : 762-763 

Lange BJ, Prantner JE (1982) The emergence of 6-thioguanine-resis- 
tant lymphocytes in pediatric cancer patients. Mutat Res 94:487- 
499 

Martin GM (1978) Genetic syndromes in man with potential rele- 
vance to the pathobiology of aging. Birth Defects 14: 5-39 

Martin GM, Sprague CA, Epstein CJ (1970) Replicative life-span of 
cultivated human cells: effects of donor's age, tissue and geno- 
type. Lab Invest 23 : 86-91 

McDonald JA, Kelley WN (1972) Lesch-Nyhan syndrome: absence of 
the mutant enzyme in erythrocytes of a heterozygote for both nor- 
mal and mutant hypoxanthine-guanine phosphoribosyl trans- 
ferase. Biochem Genet 6 : 21-26 

Murata K, Nakashima H (1982) Werner's syndrome: 24 cases with a 
review of the Japanese medical literature. J Am Geriatr Soc 30: 
303-308 

Nicklas JA, Hunter TC, Sullivan LM, Berman JK, O'Neill JP, Alber- 
tini RJ (1987) Molecular analysis of in vivo hprt mutations in 
human T-lymphocytes. I. Studies of low frequency "spontaneous" 
mutants by Southern blots. Mutagenesis 2 : 341-347 

Nicklas JA, O'Neill JP, Sullivan LM, Hunter TC, Allegretta M, Chas- 
tenay BF, Libbus BL, Albertini RJ (1988) Molecular analysis of in 
vivo hypoxanthine-guanine phosphoribosyltransferase mutations 
in human T-lymphocytes. II. Demonstration of clonal amplifica- 
tion of hprt mutant T-lymphocytes in vivo. Environ Mol Mutagen 
12 : 271-284 

Nordenson I (1977) Chromosome breaks in Werner's syndrome and 
their prevention in vitro by radical-scavenging enzymes. Hereditas 
87:151-154 

Salk D, Au K, Hoehn H, Martin GM (1981) Cytogenetics of Werner's 
syndrome cultured skin fibroblasts: variegated translocation 
mosaicism. Cytogent Cell Genet 30:92-107 

Scapparicci S, Cerimele D, Fraccaro M (1982) Clonal structural chro- 
mosomal rearrangements in primary fibroblast cultures and lym- 
phocytes of patients with Werner's syndrome. Hum Genet 62:16- 
24 

Strauss GH, Albertini RJ (1979) Enumeration of 6-thioguanine-resis- 
tant peripheral blood lymphocytes in man as a potential test for 
somatic cell mutations arising in vivo. Murat Res 61 : 353-379 

Strauss GH, Allen EF, Albertini RJ (1980) An enumerative assay for 
purine analogue resistant lymphocytes in women heterozygous for 
the Lesch-Nyhan mutation. Biochem Genet 18 : 529-547 

Sylwester D, Albertini RJ (1985) Confidence intervals and sample 
size calculations to compare variant frequencies. Environ Mutagen 
7 [Suppl 4] : 31-41 

Takeuchi F, Hanaoka F, Goto M, Akaoka I, Hori T, Yamada M, 
Miyamoto T (1982a) Altered frequency of initiation site of DNA 
replication in Werner's syndrome cells. Hum Genet 60 : 365-368 

Takeuchi F, Hanaoka F, Goto M, Yamada M, Miyamoto T (1982b) 
Prolongation of S phase and whole cell cycle in Werner's syn- 
drome fibroblasts. Exp Gerontol 17:473-480 

Thompson KVA, Holliday R (1983) Genetic effects on the longevity 
of cultured human fibroblasts. Gerontology 29 : 73-82 

Turner DR, Morley AA, Haliandros M, Kutlaca R, Sanderson BJ 
(1985) In vivo somatic mutations in human lymphocytes fre- 
quently results from major gene alterations. Nature 315 : 343-345 

Vijayalaxmi, Evans HJ, Ray JH, German J (1983) Bloom's syn- 
drome: evidence for an increased mutation frequency in vivo. Sci- 
ence 221 : 851-853 

Vijayalaxmi, Wunder E, Schroeder TM (1985) Spontaneous 6-thio- 
guanine-resistant lymphocytes in Fanconi anemia patients and their 
heterozygous parents. Hum Genet 70 : 264-270 

Received August 25, 1989 


