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Abstract

The background frequency of mutations in human tissues is an impor-
tant issue in cancer susceptibility and genotoxic exposure determinations.
Here we report the detection of rare mutant leukocytes containing onco-
genic base substitutions of the Harveyras, N-ras, and p53 genes by the
Needle-in-a-Haystack mutation assay with a sensitivity of one cell in a
million. Altogether, we detected and identified 17 independent mutations
of 66 separate base site analyses of peripheral blood specimens obtained
from 19 apparently normal individuals. Two individuals harbored a sub-
stantially increased frequency of mutant cells, representing 9 of the 17
independent mutations found. These results suggest that up te 1 in 10
normal individuals may harbor a significant frequency of oncogenic mu-
tations in circulating leukocytes.

Introduction

An increased frequency of mutations in an accessible tissue of an
individual may be an indicator of somatic disease, heritable predis-
position to somatic disease, and/or exposure to one or more genotoxic
agents. The assessment of these mutations may enable the early
detection of cancer in individuals or identify individuals who harbor
one or more hypermutable clones (1). Because cancer results from the
accumulation of mutations essentially in gatekeeper and caretaker
genes (2), the determination of the frequency of occurrence of such
oncogenic mutations in human tissues is important to the understand-
ing of these disease processes and the risk of cancer development.

The background spontaneous mutation frequency appears to have a
strong genetic component as opposed to environmental factors (3).
Under nonperturbating conditions, cells lacking any genome-destabi-
lizing gene mutation would probably have a spontaneous DNA mu-
tation frequency at a specific locus of less than one cell in a million,
the presently accepted value of null gene mutations (4, 5). Thus, the
frequency of DNA mutations is expected to be rare, on the order of
less than one in a million cells in individuals who do not harbor an
identified genetic disease associated with genomic stability and who
have not been exposed to significant levels of genotoxic agents.
However, in vivo data regarding spontaneous mutation frequencies for
DNA base substitution and other point mutations not biased by null
gene selection are lacking in the literature.

Using the Needle-in-a-Haystack mutation detection and identifica-
tion PCR/RE’/LCR technique (6), we addressed the question of base
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substitution mutation frequencies in oncogenic loci in circulating
PBLs in apparently normal individuals. Two of 19 individuals had a
significantly higher frequency of oncogenic mutations in their PBLs.
These data suggest that a substantial proportion of individuals within
the human population may harbor a significant frequency of onco-
genic mutations in circulating leukocytes.

Materials and Methods

Peripheral Blood DNAs. Peripheral blood specimens were collected from
consenting volunteers at The Children’s Hospital (Denver, CO). A total of
5-20 ml of venous blood was collected in EDTA vacutainers, and the buffy
coat was immediately prepared and harvested after centrifugation. PBL DNA
was isolated by standard phenol extraction procedures.

Needle-in-a-Haystack PCR/RE/LCR Analysis. PBL DNAs were assayed
for base substitution mutations at sensitivities of one in a million cells or better
using the PCR/RE/LCR procedures described by Wilsoner al. (6). The PCR
and LCR primer designs and protocols for the majority of sites analyzed in this
work have been described previously by Wilsonet al. (6). The LCR primers
for the second base of codon 12 of the Nras gene and the first base of codon
13 or the Nas gene are listed in Table 1, as are the LCR oligonucleotide
mutant template standards for the Haras and N-ras sites. The LCR primers
and template standards for the first base of codon 248 bf p53 have been
described previously by Wilsonet al. (6). Human Haras genomic sequence
plasmids pbC-N1 and pT24-C3 were obtained from American Type Culture
Collection and propagated inEscherichia coli as described previously (6). All
oligonucleotide primers and templates were obtained as custom synthesis form
BioServe Biotechnologies, Ltd. (Laurel, MD).

Briefly, duplicate (and triplicate, where possible) 6ug aliquots of PBL
DNA [or 200 ng of genomic mutant DNA or éug of wild-type control DNA
containing 6 pg of mutant (10°® mutant positive control)] were subjected to
three cycles of PCR and RE before LCR analyses. The specific protocol for the
mutant enrichment PCR/RE procedures was dependent on the locus and
nucleotide under study (6).Mspl was used for mutant selection in the Haras
codon 12 andp53 codon 248 procedures, whereas aHphl site:was incorporated
into the N-ras sequence by PCR for the selection of codon 12 and the first base
of codon 13, as described previously by Wilsoret al. (6). The original sample
DNA was either exhaustively digested (overnight) withMspl (New England
Biolabs) or amplified by locus-specific PCR primers before digestion with
Hphl (New England Biolabs). An aliquot of thisMspl digest was then ampli-
fied for 25 cycles with the outermost set of PCR primers and Taq polymerase
(Perkin-Elmer) under standard reaction conditions. The process ofMspl (or
Hphl) digestion (>>5 h) and PCR amplification was then repeated using nested
primers for 20 cycles and either Taq (Perkin-Elmer) or Pfu {Stratagene) or Pfu
Turbo (Stratagene) polymerase. After the third round of 20 cycles of nested
PCR amplification, the mutant allele was detected by LCR amplification using
32p_end-labeled primers (labeled invariant oligomers and unlabeled discrimi-
nating oligomers), as described previously by Wilsoret al. (6) and Barany (7).
One pl of the above-mentioned PCR-amplified andMspl- or Hphl-restricted
supernatant was incubated with [pmolil each of either the wild-type discrim-
inating LCR primer set or all six mutant discriminating LCR primers, 15 units
of Taq ligase (a gift from Dr. Francis Barany, Cornell University Medical
School, New York, NY, and purchased from New England Biolabs), and 4g
of sheared salmon sperm DNA in a total volume of 10ul containing 20 nm
Tris-HCl (pH 7.6), 100 mMKCl, 10 mm MgCl,, 1 mm EDTA, 10 mMDTT, 1
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Table | LCR primers and template standards

LCR primer

5'-3' sequence

Human N-ras codon 12, second base
HNRasc12s2L
HNRasc12s2LR
WtHNRasc12s2L
WtHNRasc12s2LR
MtHNRasc12s2TL
MtHNRasc12s2TLR
MtHNRasc12s2AL
MtHNRasc12s2ALR
MtHNRasc12s2CL
MtHNRasc12s2CLR
StdHHRasc12s2AL

StdHHRasc12s2CL

Human N-ras codon 12, first base
StdHNRasc12s1AL

StdHNRasc12s1CL

Human N-ras codon 12, second base
StdHNRasc12s2TL

StdHNRasc12s2AL
StdHNRasc12s2CL

Human N-ras codon 13, first base
HNRasc13s1L2
HNRasc13s1LR2
WtHNRasc13s1L
WtHNRasc13s1LR
MtHNRasc13s1TL
MtHNRasc13s1TLR
MtHNRasc13s1AL
MtHNRasc13s1ALR
MtHNRasc13s1CL
MtHNRasc13s1CLR
StdHNRasc13s1TL

StdHNRasc13s1AL

StdHNRasc13s1CL

TGATGTTGGGAAAAGCGCCTAT

CTGCTCCAACCACCACCA

AAGGTGGTTGGAGCAGG

AGCTTTTCCCAACATCAC

AAAAGGTGGTTGGAGCAGT

AACGCTTTTCCCAACATCAA

AAAAAAGGTGGTTGGGAGCAGA

AAAACGCTTTTCCCAACATCAT

ATAAAAAAGGTGGTTGGAGCAGC
AAAAAAACGCTTTTCCCAACATCAG

48-mer template,
TAAGCTGGTGGTGGTGGGCGCCGACGGTGTGGGCAAGAGTGCGCTGAC
48-mer template,
TAAGCTGGTGGTGGTGGGCGCCGCCGGTGTGGGCAAGAGTGCGCTGAC

48-mer template,
TACAAACTGGTGGTGGTTGGAGCAAGTGATGTTGGGAAAAGCGCCTAT
48-mer template,
TACAAACTGGTGGTGGTTGGAGCACGTGATGTTGGGAAAAGCGCCTAT

47-mer template,
AACTGGTGGTGGTTGGAGCAGTTGATGTTGGGAAAAGCGCCTATCCC

53-mer template,
ACAACTGGTGGTGGTTGGAGCAGATGATGTTGGGAAAAGCGCCTATCCCATC
47-mer template,
AACTGGTGGTGGTTGGAGCAGCTGATGTTGGGAAAAGCGCCTATCCC

ATGTTGGGAAAAGCGCCTATACCGTT

ACCTGCTCCAACCACCACCAGTTT

AAGTGGTTGGAGCAGGTG

AGCGCTTTTCCCAACATC

AAAAGTGGTTGGAGCAGGTT

AAAGCGCTTTTCCCAACATA

AAAAAAGTGGTTGGAGCAGGTA

AAAAAGCGCTTTTCCCAACATT

AAAAAAAAGTGGTTGGAGCAGGTC

AAAAAAAGCGCTTTTCCCAACATG

53-mer template,
ACAAACTGGTGGTGGTTGGAGCAGGTTATGTTGGGAAAAGCGCCTATCCCATC
53-mer template,
ACAAACTGGTGGTGGTTGGAGCAGGTAATGTTGGGAAAAGCGCCTATCCCATC
49-mer template,

AACTGGTGGTGGTTGGAGCAGGTCATGTTGGGAAAAGCGCCTATCCLGC

mM NAD™, and 0.1% Triton X-100 (7). The LCR amplification reaction was
incubated for 30 cycles at 95°C for 1 min and 65°C for 4 min. The LCR
amplification products were separated on a 10% polyacrylamide, M urea
sequencing gel, dried, and exposed to X-ray film.

Results

After the development of the Needle-in-a-Haystack PCR/RE/LCR
assay, the question of the baseline normal mutation frequency in
human tissues became an issue (6). If this sensitive mutation detection
and identification assay is to be useful in identifying individuals
harboring a higher-than-normal frequency of one or more mutations
due to either the presence of cancer cells, genetic hypermutability, or
a recent mutagen exposure, the background frequency of the muta-
tions under study needs to be known.

To approach this question of background base substitution mutation
frequency, human PBL DNAs were obtained from 19 phenotypically
normal volunteers. The age of these donors ranged from 2.5-46 years,
and both genders were almost equally represented. Four individuals
did not provide their age (date of birth), and another 4 of the 19
specimens were obtained anonymously (Table 2).

Five base sites within three separate oncogenic loci were chosen for
rare base substitution PCR/RE/LCR mutation analyses. These were
the second base of codon 12 of the Haras gene, the first base of codon
248 of the p53 gene, the first and second bases of codon 12 of the
N-ras gene, and the first base of codon 13 of the Nras gene.

Codon 12 of the Ha+as gene was the first locus to be analyzed.

Each duplicate or triplicate sample containing 6 ug of PBL specimen
DNA was analyzed by PCR/RE/LCR procedures. A :G~>T transver-
sion mutation was observed in specimen 93014 (Fig. 1). A standard
mix of 10~% mutant (pT24-C3) to wild-type plasmid DNA mix was
included in the PCR/RE selection and LCR analys¢s to ensure the
sensitivity of the assay. The shadow observed above the bands in Fig.
1 does not represent additional mutations because no: mutations were
observed in specimens when the LCR reactions contained only the
mutant A primers, whereas LCR bands were observed for the oligo-
nucleotide template standard for mutant A (data not shown). The 1
pmol/ul concentration of oligonucleotide template standard mutant C
was saturating because only a single 48-bp band representing the
antisense LCR primer set was observed. Lower cdncentrations of
oligonucleotide standards enable the display of both LCR product
bands (as noted below). :

Only 2 of 17 specimens analyzed at the Haras locus were found to
contain mutant cells present at a frequency of =10~¢ (Table 2). All
specimens were analyzed in duplicate or triplicate. Although G>A
and G—C mutations were assayed simultaneously ‘with the G>T
mutation, only G—T mutations were observed in two specimens at
this locus (Fig. 1, Table 2).

The number of individual specimens displaying detectable rare base
substitution mutations increased slightly at thep53 codon 248 locus,
amounting to 4 of 18 specimens analyzed (Table 2). All of these
specimens were assayed for p53 codon 248 mutatians in triplicate.
Specimens 890061, 93008, and 93014 provided detectable G>T
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Table 2 Summary of PCR/RE/LCR analysis of human PBL DNAs

Ha-ras codon 12

p33 codon 248

N-ras codon 12 N-ras codon 13

Sample Age (yrs) GGC—GNC CGG-NGG GGT—NGT GGT—GNT GGT-NGT
890048 _« — T T

890049 — - — — — -
890059 — —

890061 - — T T T A
890062 44 — T, A

90093 11 - —
91116 — — — — —

91122 — —

92442 8 —

92443 46 — -

92444 — — —

92445 - — —

93008 25 —_ T

93012 20 — — — T —
93014 25 T T T T

93018 12 — — — T

93029 41 —_ — — —

93030 44 — — — — —
93033 4 T - — T

“ Age or date of birth not provided by donor.

transition mutations, whereas specimen 890062 harbored both CG>T
transition and C—A transversion mutations (data not shown). The
triplicate analysis of these samples demonstrated a roughly 10-fold
variation in density of the resultant LCR mutant product bands, clearly
demonstrating that quantitation of mutant frequency by densitometry
would be inaccurate (data not shown). The sensitivity of the PCR/
RE/LCR assay is adjustable, so that quantitation of these rare mutants
was further attempted with the analysis of both the restricted PCR
products from the second and third PCR/RE selection cycles. By
reducing the number of PCR/RE selection cycles used, the PCR/RE/
LCR assay becomes less sensitive. Specimen 890062 appears to
harbor p53 codon 248 mutant cells at a frequency of less than 1 in 10
(data not shown). More accurate quantitation of the proportion of
mutant cells within these PBL DNAs by the analysis of smaller and
smaller aliquots of DNA (representing smaller and smaller numbers of
cells) was not undertaken due to the limited quantities of DNA
available for these cases.

Because these mutation analyses were focused on circulating blood
cells, and the ras gene most commonly associated with leukemias and
lymphomas is the N+as gene, the determination of rare cells harbor-
ing mutations in the N+as gene would be significant. A G—>T
transversion mutation in the first base of codon 12 of the Nras gene
was also detectable at the frequency of 210~ circulating leukocytes
in specimens 890048, 890061, and 93014 (Table 2; see Ref. 6 for
representative LCR example).

Transversion mutations were also common at the second base of
codon 12 of the N-+as gene in these PBL DNA specimens, as shown
for specimens 890048 and 93018 (Fig. 24). Half of the 12 specimens
assayed at this site provided detectable G—=T mutations (Table 2).

Only one of seven specimens was found to harbor a detectable
mutation in the first base of codon 13 of the N+as gene (Table 2; Fig.
2B). This was a G— A mutation that appears to be a relatively rare
non-CpG site transition mutation involving guanosine residue in these
oncogenic loci.

Of the 12 individuals assayed for three or more base sites, two
stand out with detectable mutations at multiple sites (Table 2).
Specimens 890061 and 93014 displayed mutations in four of five
sites and four of four sites, respectively, which was significantly
different from the other individuals (x> = 35, P < 0.01 for 17
mutations from all 19 individuals; ¥> = 22, P < 0.02 for 14
mutations from only thel2 individuals tested at three or more base
sites).

Discussion

Nineteen PBL DNAs isolated from normal individuals ranging in
age from 2.5-46 years were analyzed for rare cells containing onco-
genic base substitution mutations in three different genes. At least one
rare mutation was detected at frequencies of 1 or more mutant alleles
in 10° cells in 8 of the 19 PBL DNASs analyzed. Of the 12 individuals
tested for three or more oncogenic base sites, 2 individuals were found
to have mutations in four of five sites and four of four sites tested,
respectively. These two individuals (specimens 890061 and 93014)
displayed a significantly increased frequency of base substitution
mutations in multiple loci in their circulating leukocytes ¢ = 22;
P < 0.02).

Although isolated and significant genotoxic exposures cannot be
entirely ruled out, the data suggest that these two individuals display
a hypermutable phenotype. That is, they may harbor one or more
hypermutable leukocyte clones or a constitutional predisposition to
mutations. Individual AB was reported by Albertiniet al. (1) to harbor
a hypermutable T-lymphocyte clone detectable by culture selection of
T-cell receptor gene rearrangements and HPRT mutation analyses. If
hypermutability is due to a germ-line error, the characteristics of an
individual’s phenotype vary according to the constitutional error,
being dependent on the location, type of mutation, and gene involved
(8—11). Alternatively, these two individuals could be displaying a
“transient mutator phenotype” in selected stem cells such that these
multiple loci PCR/RE/LCR analyses of a PBL specimen obtained at a
later date might be negative for hypermutability (12, 13). Thus, the
frequency of some form of hypermutable phenotype within the human
population may be on the order of 1 in 10.

Discounting the two hypermutable individuals, the overall back-
ground base substitution mutation frequency in PBL specimens ap-
pears to be less than one in a million circulating cells. Only eight
samples were found mutant at one cell or more in a million wild-type
cells of 57 separate base site analyses (ignoring the data of the two
hypermutable individuals). This is in agreement with the frequency of
HPRT null gene mutations determined in circulating lymphocytes (4,
5). Limited quantities of DNA restricted the detertnination of the
frequency of mutant cells within individual PBL specimens at each of
the base sites studied.

Only missense mutations were assayed in this study. None of the
base sites studied were capable of producing a nonsense mutation, and
deletions and insertions would not be detected with the LCR designs
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Fig. 1. Detection of Ha-ras codon 12 mutations. Autoradiograph of Ha-ras codon 12
second base LCR analysis of PCR/RE-selected PBL DNAs. A standard 10 ¢ mixture of
mutant plasmid pT24-C3 (GGC—GTC) to wild-type plasmid pbC-N1 DNAs was in-
cluded in these analyses for detection sensitivity (6). One pmotl of the oligonucleotide
mutant standards representing the sense strand with a G12D mutation (GGC—GAC) and
a G12A mutation (GGC—GCC) were included (see Table 1 for standard template
sequences). The LCR primers were chosen to provide 41- and 42-bp product sizes for the
sense and the antisense wild-type DNA strands and 43- and 44-bp fragments for the codon
12 GI12V mutation (GGC—GTC), 44- and 45-bp fragments for the codon 12 GI2D
mutation (GGC—GAC), and 46- and 47-bp fragments for the codon 12 GI2A mutation
(GGC—GCC; Ref. 6). The labeled invariant HHRasc12s2 L and HHRasc12s2LR primers
were 21 and 20 bp in length, respectively. LCR reactions contained either both wild-type
discriminating primers (WtHHRasc12s2L and WtHHRasc12s2LR) or all six mutant
discriminating primers (MtHHRasc12s2TL, MtHHRasc12s2TLR, MtHHRasc12s2AL,
MtHHRasc12s2ALR, MtHHRasc12s2CL, and MtHHRasc1252CLR). 4, film was exposed
for 30 min. B, film was exposed for 10 min.

used in this study. Altogether, 17 independent mutations were de-
tected and identified in the 66 base site-individuals assayed. The
frequency of individual PBL specimens containing rare mutations
varied from loci to loci and by base site within the same loci (Nvas

codons 12 and 13). Only 2 of 17 PBL DNAs (12%) were found to
contain rare Ha-ras mutant cells, whereas 4 of 18 specimens (22%)
contained p53 codon 248 mutant cells. The higher mutant incidence of
the latter probably represents the increased mutability of a known
methylated CpG site (14—16). The second base of codon 12 of Nras

produced the highest mutation incidence within the individual PBL
specimens because 50% of the DNAs analyzed contained rare mutant
cells. The higher mutation frequency of the Nvas gene over the

Ha-ras gene in PBL specimens may be a tissue-specific phenomenon
because these data are in accordance with the fact that the N+as gene

is generally more often associated with leukemias and lymphomas

(17). The second base in codon 12 of the N+as gene has been reported
to be mutated more commonly than the first base (17).

Four of the five mutations identified at the p53 codon 248 locus
were C—T transitions. These data support the literature regarding the
incidence of deamination of 5-methyldeoxycytidine residues in DNA
(14-16). The first base of codon 248 represents a CpG site that is
known to be commonly methylated in most, if not all, tissues (14).
The incidence of CpG to TpG mutations is overrepresented in the
known genetic disease, causing mutations in the human population
and providing more than 30% of all of the disease-associated muta-
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Fig, 2. Detection of mutations in the N-ras gene. 4, autoradiograph of N-ras codon 12
second base LCR analysis of PCR/RE-sclected PBL DNAs. One pmol of oligomeric
standard, mutant T, representing the sense strand with the codon 12 G12V mutation
(GGT—>GTT), was included. Careful titration of the amount of the sense oligomeric
standard added to the LCR reaction enables the appearance of both LCR product bands
(see Table 1 for standard template sequences). The LCR primers werg chosen to provide
36- and 39-bp fragments sizes for the sense and the antisense wild-type DNA strands and
38- and 41-bp fragments for the codon 12 G12V mutation (GGT—GTT), 40- and 43-bp
fragments for the codon 12 G12D mutation (GGT—GAT), and 42- and 45-bp fragments
for the codon 12 G12A mutation (GGT—GCT; see Table 1 for primer sequences), LCR
reactions contained either both wild-type discriminating primers (WtHNRasc12s2s1L and
WtHNRasc12s2LR) or all six mutant discriminating primers (MtHNRascl2s2TL,
MtHNRasc1252TLR, MtHNRasc12s2AL, MtHNRasc12s2ALR, MtHNRasc12s2CL, and
MtHNRasc12s2CLR). Film was exposed for 30 min. B, autoradiograph of N-ras codon 13
first base LCR analysis of PCR/RE-selected PBL DNAs. Oligomeric mutant standards
(0.5 pmol) representing the sense strands with codon 13, with either a G13C mutation
(GGT—TGT), a G13S mutation (GGT—AGT), or a G13R mutation (GGT—CGT), were
included (see Table 1 for standard template sequences). Careful titration of the amount of
the sense oligomeric standard added to the LCR reaction enables the!appearance of both
LCR product bands. The LCR primers were chosen to provide 42- and 47-bp fragments
sizes for the sense and the antisense wild-type DNA strands and 44- and 49-bp fragments
for the codon 13 G13C mutation (GGT—TGT), 46- and 51-bp fragments for the codon
13 G138 mutation (GGT—>AGT), and 48 and 53-bp fragments for the codon 13 G13R
mutation (GGT—CGT; see Table 1 for primer sequences). The labeled invariant
HNRasc13s1L and HNRasc13s1LR primers were 29 and 24 bp in length, respectively.
LCR reactions contained either both wild-type discriminating primers
(WtHNRasc13s1s1L and WtHNRasc13s1LR) or all six mutant discriminating primers
(MtHNRasc13s1TL, MtHNRasc13sITLR, MtHNRascl13s1AL, MtHNRascl13sl1ALR,
MtHNRasc13s1CL, and MtHNRasc13s1CLR). Film was exposed for 15 min.

1833




NORMAL HUMANS HARBOR ONCOGENIC MUTATIONS

tions in reported germ-line and somatic abnormalities (14—16). The 2. Kinzler, K. W,, and Vogelstein, B. Gatekeepers and caretakers. Nature (Lond.), 386:

rat inati } idi 761-763, 1997.
h? eho;i::n:r;anon of 51: I}letliil,de,ox},,;ytldmefhés ge_fn reported t 0 be 3. Curry, J., Bebb, G., Young, D., Khaidakov, M., Mortimer, A., and Glickman, B. W.
g gh to account for this incidence of CpG—>TpG transition Interdependent mutant frequencies observed between monozygotic twins. Hum. Mu-
mutations, especially if the fidelity of repair of G:T mispairs is less tat., 9: 445-451, 1997.
; . : : 4. Robinson, D., Goodall, K., Albertini, R. J., O’Neill, J. P,, Finette, B., Sala-Trépat, M.,
than Fhe repair of G:U mispairs (15): Moustacchi, E., Tates, A. D., Beare, D. M., Green, M. H. L., and Cole, J. An :nalysis :
Aside from the one G— A mutation in the first base of codon 13 of the of in vivo hprt mutant frequency in circulating T-lymphocytes in the normal human i
N-ras gene, all of the other independent Havras and N-ras mutations population: a comparison of four databases. Mutat. Res., 313: 227-247, 1994,

observed in these PBL DNAs were G—T transversions. The one C—>A S. Finette, B 1‘\., O’Neill,.J. P, Vacek, P. M,, and Albertini,‘R‘ J. Qene ml.!tations with
characteristic deletions in cord blood T lymphocytes associated with passive maternal

transversion at the CpG site probably represents a G—T mutation in the exposure to tobacco smoke, Nat. Med., 4: 1144~1151, 1998.

complementary strand (18, 19). Although the majority of sites assayed 6. Wilson, V. L., Wei, Q., Wade, K. R., Chisa, M., Bailey, D., Kanstrup, C. M., Yin, X.,

are in the ras proto-oncogenes. these data are in agreement with the hi gh Jackson, C. M., Thompson, B., and Lee, W. R. Needle-in-a-haystack detection, and
h p! ; g 4 . gr : i identification of base substitution mutations in human tissues. Mutat. Res. Genomics,

nontranscribed strand bias for G—T transversion mutations inp33 (20). 406: 79-100, 1999,

G—>T transversions also appear to represent the majority of activation 7 Barany, F. The ligase chain reaction in a PCR world. PCR Methods Appl., /- 5-16,

. . 1991.

mutations in th‘? human ras geqes (21)' . 8. Fishel, R., Lescoe, M. K., Rao, M. R. S, Copeland, N. G., Jenkins, N. A., Garber, J.,
These mutations are most likely not artifacts of the PCR/RE/LCR Kane, M., and Kolodner, R. The human mutator gene homolog MSH2 and its
assay. The major deoxyguanosine mutation induced by Taq polym- association with hereditary nonpolyposis colon cancer. Cell, 75: 1027-1038, 1993,
erase i G—A t it ith T tr . tati bei 9. Leach, F. S., Nicolaides, N. C., Papadopoulos, N., Liu, B., Jen, J., Parsons, R.,
c1sa ransition, wi G- ansversion .mu ations being Peltomaki, P., Sistonen, P., Aaltonen, L. A., Nystrom-Lahti, M., Guan, X-Y., Zhang,
the least common error (22, 23). The second and third cycle of PCR J., Meltzer, P. S., Yu, J-W., Kao, F-T., Chen, D. J., Cerosaletti, K. M., Fourner,
and restriction enzyme (PCR/RE) selection use Pfu or Pfu Turbo R.E. K, Todd, S., Lewis, T., Leach, R. .!., Naylor, S. L., Weissenbach, J., Mecklin,
1 hich h higher fidelity. but d G>T . J-P., Jarvinen, H., Petersen, G. M., Hamilton, S. R., Green, J., Jass, J., Watson, P.,
PO ymerasles; which have a higher fidelity, .u produce ) 'tranSI' Lynch, H. T., Trent, J. M., de la Chapelle, A., Kinzler, K. W., and Vogelstein, B.
tion mutations (24, 25). However, the detection of an artifact-induced Mutations of a mufS homolog in hereditary nonpolyposis colorectal cancer. Cell, 75:

mutation during the second or thir 1 R/R i 1215-1225, 1993.

. g the seco d 0 d cycle of PC E selectloq (aﬁ?r 10. Ryberg, D., Kure, E., Lystad, S., Skaug, V., Stangeland, L., Mercy, 1., Borresen,
the initial 25 cycles of PCR in the first cycle of PCR/RE selection) is A. L., and Haugen, A. p53 mutations in lung tumors: relationship to putative
very unlikely in this assay (6). Also, analyses were run in duplicate susceptibility markers for cancer. Cancer Res., 54: 15511555, 1994. )
and in triplicate in selective cases, and no discrepancies were found in 11. Hugsam, S. P, a.nd Harris, C. C._Molecular epidemiology of human cancer: contri-

A A ; . . . bution of mutation spectra studies of tumor suppressor genes. Cancer Res., 58:
the detection and identification of mutations between replicates. 4023-4037, 1998.
DNA damage such as 8-hydroxydeoxyguanosine could cause mis- 12. Loeb, L. A. Transient expression of a mutator phenotype in cancer cells. Science
L R el . p : (Washington DC), 277: 14491450, 1997.
pairing durmg the initial PCR amphﬁcatlons because this base adduct 13. Richards, B., Zhang, H., Phear, G., and Meuth, M. Conditional mutator phenotypes in

also hydrogen bonds with deoxyadenosine, and oxidative damage has hMSH2-deficient tumor cell lines. Science (Washington DC), 277: 15231526, 1997.

been reported to occur during standard DNA isolation procedures 14. Magewy, A. N., and Jones, P. A. Ubiquitous and tenacious methylation of the CpG
site in codon 248 of the p33 gene may explain its frequent appearance as a mutational

(26) Hoyvever, 8-hydrox}l.deoxygl{anosme would have to occur con- hot spot in human cancer. Mol. Cell. Biol., /4: 4225-4232, 1994
sistently in the same base site at a high enough frequency to enable the 15 Shen, J-C,, Rideout, W. M., 111, and Jones, P. A. The rate of hydrolytic deamination i
replicate detection of mutations in a given specimen while not occur- ?gg-’:meﬂlylcyfosme in double-stranded DNA. Nucleic Acids Res., 22: 972-976, |
ring mgmﬁcan?ly 3:1: this same site m.other.spemmens- 1t is more likely 16. O’Ne;ill, 1. P., and Finette, B. A. Transition mutations at CpG dinucleotides are the
that in vivo oxidative damage has given rise to these G—T transver- most frequent in vivo spontaneous single-base substitution mutation in the human
sion mutations before DNA isolation (26). However, transversions are HPRT gene. Environ. Mol. Mutagen., 32: 188-191, 1998.
. s . 17. Bos, J. L. Ras oncogene in human cancer: a review. Cancer Res., 49: 4682-4689,

also associated with exposure to tobacco smoke, aflatoxin, and other 1989, |
environmental carcinogens (5, 11, 27, 28). 18. Denissenko, M. F., Pao, A., Tang, M-S., and Pfeifer, G. P. Preferentia! formation of i

In summ the pr f PCR/RE/LCR detection and identifica- benzo(a)pyrene adducts at lung cancer mutational hotspots in p53. Science (Wash-
. ary, the procedure o 'C . ¢ . . . ington DC), 274: 430-432, 1996.
tion of rare mutant cells at multlple loci has the potentlal to ldentlfy 19. Chen, J. X., Zheng, Y., West, M., and Tang, M-S. Carcinogens preferentially bind at
individuals who may be hypermutable in response to environmental methylated CpG in the p53 mutational hot spots. Cancer Res., 58: 2070-2075, 1998,
H ctrum ;o0 20. Guinee, D. G, Jr., Travis, W. D, Trivers, G. E., De Benedetti, V. M. G., Cawley, H,,
IPSUHS’ bOt.h em.ioger.’ous an.d gxogenous. T}.le S.p? of base substitu Welsh, J. A., Bennett, W. P, Jett, J., Colby, T. V., Tazelaar, H., Abbondanzo, S. L.,
tion mutations identified within groups of individuals who may be ex- Pairolero, P., Trastek, V., Caporaso, N. E., Liotta, L. A., and Harris, C. C. Gender
posed to specific genotoxic agents will be valuable in the clarification of comparisons in human lung cancer: analysis of p53 mutations, anti-p53 serum

: : : : o) antibodies and C-erbB-2 expression. Carcinogenesis (Lond.), /6. 993-1002, 1995.
the agent or agents 1nvolv§d.1n the eno}ogy of disease (1 1.). Additionally, 21. Seott, F. M., Modali, R, Lehman, T. A.. Seddon, M., Kelly, K., Dempsey, E. C»
these techniques are not limited to peripheral blood specimens, but they Wilson, V. L., Tockman, M. S., and Mulshine, J. L. High frequency of K-ras codon
do require Signiﬁcant quantities of DNA. Additional studies, including a 12 mutations in bronchoalveolar lavage fluid of patients at high risk for second
_Aec] : : : primary lung cancer. Clin. Cancer Res., 3: 479-482, 1997.

more elaborate and yvell de51g1.1 ed epldeml()log,l cal Study Of: a larg?r 22. Eckert, K. A,, and Kunkel, T. A. High fidelity DNA synthesis by the Thermus
number of people, will be required to characterize the potential of this aquaticus DNA polymerase. Nucleic Acids Res., 18: 3739-3744, 1990.

approach. Discerning the in vivo dynamics of mutation frequencies per 23. Sandy, M. S., Chiocca, S. M., and Cerutti, P. A. Genotypic analysis of mutations in
Taq I restriction recognition sites by restriction fragment length polymorphism/

27. Harris, C. C., and Hollstein, M. Clinical implications of the p53 tumor-suppressor

locus per cell division in a chosen tissue will require the study of multiple polymerase chain reaction. Proc, Natl. Acad. Sci. USA, 89: 890894, 1992.

samples from an individual over time. 24. Cline, J., Braman, J. C., and Hogrefe, H. H. PCR fidelity of Pfa DNA polymetase and ‘
other thermostable DNA polymerase. Nucleic Acids Res., 24: 35463551, 1996. i
Acknowledgments 25. Andre, P., Kim, A., Khrapko, K., and Thilly, W. G. Fidelity and mutational spectrum :

of Pfu DNA polymerase on a human mitochondrial DNA sequence. Genome Res., 7:
: : : : 843-852, 1997. i
_ We thank Dr. David K. Manchester for expertise and invaluable discus- (/0 00" "genan kB, Shigenaga, M. K., Walter, P. B., Woodall, A. A., 1
sions, Dr. Francis Barany for providing enzyme and for helpful discussions, Yeo, H. C., and Ames, B. N. DNA oxidation matters: the HPLC-electrochemical |
Dr. Tetry Lehman and Rama Modali for technical discussions, and Dr. David detection assay of 8-oxo deoxyguanosine and 8-oxo-guanine. Proc. Natl. Acad. Sci. |
H. Swenson for informed discussions. USA, 95: 288293, 1998. 1
gene. N. Engl. J. Med., 329: 1318-1327, 1993. !
References 28. Aguilar, F., Harris, C. C., Sun, T., Hollstein, M., and Cerutti, P. Geographic variation ;
1. Albertini, R. J., Nicklas, J. A., Skopek, T. R., Recio, L., and O"Neill, J. P. Genetic of p53 mutational profile in nonmalignant human liver. Science (Washington DC), i
instability in human T-lymphocytes. Mutat. Res., 400: 381389, 1998. 264: 1317-1319, 1994, !

1834




