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Patterns of pS3 G—T transversions in lung cancers reflect the
primary mutagenic signature of DNA-damage by tobacco smoke
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It is unquestionable that the major cause of lung cancer is
cigarette smoking. p53 mutations are common in lung
cancers from smokers but less common in non-smokers. A
large fraction of the p53 mutations in lung cancers are
G-T transversions, a type of mutation that is infrequent
in other tumors aside from hepatocellular carcinoma.
Previous studies have indicated that there is a good correla-
tion between G—T transversion hotspots in lung cancers
and sites of preferential formation of polycyclic aromatic
hydrocarbon (PAH) adducts along the p53 gene. The origin
of p53 mutations in lung cancer has been questioned by
recent reports suggesting that there are no significant
differences in p53 mutation spectra between smokers and
non-smokers and between lung cancers and non-lung can-
cers [S.N.Rodin and A.S.Rodin (2000) Human lung cancer
and p53: The interplay between mutagenesis and selection.
Proc. Natl Acad. Sci. USA, 97, 12244-12249]. We have re-
assessed these issues by using the latest update of the p53
mutation database of the International Agency for Research
on Cancer (14 051 entries) as well as recent data from
the primary literature on non-smokers. We come to the
conclusion that the p53 mutation spectra are different
between smokers and non-smokers and that this difference
is highly statistically significant (G—T transversions are
30 versus 10%; P < 0.0001, % test). A similar difference is
seen between lung cancers and non-lung cancers. At a
number of mutational hotspots common to all cancers, a
large fraction of the mutations are G—T transversions in
lung cancers but are almost exclusively G—A transitions
in non-lung cancers. Our data reinforce the notion that
P53 mutations in lung cancers can be attributed to direct
DNA damage from cigarette smoke carcinogens rather
than to selection of pre-existing endogenous mutations.

Introduction

Before the advent of mass production of cigarettes around the
time of the first World War, lung cancer was extremely
uncommon and represented <<1% of all autopsied cancer cases
(1). Today, lung cancer is the leading cause of cancer death
in the US for both women and men (2). It is estimated that
lung cancer kills over one million people each year worldwide.
It has long been recognized that the major cause of lung cancer
is cigarette smoking (3-5; reviewed in refs 1,6-8). About 90%

Abbreviations: BPDE, (+/-) anti-benzo[a]pyrene-7,8-diol-9,10-epoxide;
PAH, polycyclic aromatic hydrocarbon.
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of the lung cancer deaths in the US are caused by smoking
(9). Recent surveys indicate that lung cancer is also rapidly
becoming the major cause of cancer death in many developing
countries.

Lung cancer arises through a multi-step process in which,
according to current understanding, a limited number of crucial
genetic alterations need to occur to bring a normal cell onto
the path of malignancy (10). Lung cancers are broadly classified
into two groups: small cell lung cancer (SCLC) and non-small
cell lung cancer (NSCLC), the latter being divided into the
major histological subtypes adenocarcinoma, squamous cell
carcinoma and large cell carcinoma. More than 50% of all
lung cancers carry a mutation in the p53 gene. These mutations
are more common in smokers than in non-smokers and there
is a dose-dependence of p53 mutation frequency according to
the number of cigarettes smoked (11-15). pS3 mutations can
be found in preneoplastic lesions of the lung (16-20) indicating
that they are early events and may be temporally linked to
DNA damage from smoking.

It has been noticed that pS3 mutations in lung cancer are
different from those in other cancers and that an excess of
G—-T transversions is characteristic for these tumors (21—
23). G—T transversions have been likened to a ‘molecular
signature’ of tobacco smoke mutagens in smoking-associated
lung cancers for the following reasons: (i) polycyclic aromatic
hydrocarbons (PAHs) are prominent carcinogens in tobacco
smoke that can produce predominantly this type of mutation
(24-28); (ii) PAH adducts are present in DNA extracted from
human tissues exposed to tobacco smoke (29-33); (iii) there
is an increased frequency of G—T transversions in lung
cancers from smokers compared with lung cancers from non-
smokers and compared with most other cancers (12-14,22);
(iv) a non-transcribed strand bias of G—T transversions can
be attributed to preferential repair of adducts on the transcribed
strand (34-36); and (v) there is a precise correspondence
between mutational hotspots and hotspots of adduct formation
by PAHs found in tobacco smoke (37,38).

In a recent issue of the Proceedings of the National Academy
of Sciences, Rodin and Rodin argued that p53 mutations in
lung cancer may have a different cause, namely selection of
pre-existing or endogenous mutations by physiological stresses
aggravated by smoking (39). There have been several reports
in the medical press about the conclusions drawn in this article
(40). In another recent publication (41), Paschke compared
mutation data in successive releases of the database of p53
mutations maintained at the International Agency for Research
on Cancer (IARC p53 mutation database). Focusing on a
number of apparent discrepancies between these successive
releases, he concludes that the previously reported differences
in the mutation spectrum between smokers and non-smokers
are not statistically significant or might be influenced by
confounding factors such as ethnicity. The publication by
Paschke (41) originated in a private research institution sup-
ported by the German Association of Cigarette Manufacturers.
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Because of the broad implications that these conclusions may
have on public health issues, we have re-analyzed all the
primary literature currently available on p53 mutations in lung
cancers from non-smokers and smokers, as well as in other
cancers where tobacco smoke is not a major risk factor.

p53 mutations in smokers and non-smokers

The main claim made by Rodin and Rodin is that ‘there are
no significant differences between smokers and non-smokers,
either in the frequency of different types of mutations or in
the frequency of their occurrence along the p53 gene’ (39).
They argue that a link between smoke-induced mutations and
DNA adducts (37) could be fortuitous, and that it is selection
of pre-existing endogenous mutations rather than smoking-
induced DNA damage that determines the p53 mutational
spectrum in lung tumors. Another recent report also claims
that there are no differences with respect to G—T transversions
between smokers and non-smokers (41).

To re-assess these issues, we have extracted pS3 mutation
data from the April 2000 release of the IARC p53 mutation
database (14 051 entries). It should be stressed that this
database is exclusively a repository for mutations described in
peer-reviewed articles. It is therefore affected by a number of
biases (reviewed in ref. 42). Indiscriminate analysis of the
database without selection criteria is very likely to generate
biased results, as indeed is the case in the recent analyses
published by Rodin and Rodin (39) and Paschke (41). There-
fore, we have reassessed each database entry on lung cancers
and tobacco consumption from the primary literature. We
have excluded samples from known occupational exposures
including radon gas-exposed uranium miners, coal miners and
individuals exposed to asbestos, mustard gas and high levels
of radon gas in their residence. Further, 107 lung cancer
mutations from one highly unusual report were excluded (43).
These include 59 mutations occurring in non-smokers. In
this particular publication, sequence data were obtained after
subcloning of PCR products. This experimental design is
apparently prone to artifacts. A total of 20 mutations were
found in codons of the k-ras gene not usually involved in
tumor mutations, such as codons 14-32, and only one mutation
was found in the commonly mutated codon 12 of k-ras. In the
p53 gene, one tumor sample harbored no less than 14 different
missense mutations and two other samples had 12 p53
mutations each (43). We think it is justified to eliminate
these entries. Data obtained with mutant-enriched restriction
fragment length polymorphism—polymerase chain reaction
(RFLP-PCR) and the yeast functional assay were also not
included because of a severe scoring bias inherent to these
techniques. The yeast assay picks up mutations that occur in
only a small fraction of the tumor cells or mutations that may
be derived from DNA damage in vitro, is limited to mutations
that destroy the transcriptional activation function of p53, and
is based on cloning of a single PCR-derived molecule. The
RFLP-PCR assay scores mutations only at a few pre-selected
restriction sites. In addition, identical mutations, reported two
or three times by the same group in different publications,
were scored only once in our analysis.

Differences in pS3 mutation spectra between smokers and
non-smokers have been reported previously (13,14,38). We have
confirmed p53 mutations in 99 lung cancer cases of non-smokers
from the primary literature (11,44-59). The types of p53
mutations occurring in smokers and non-smokers are shown in
Figure 1. Ten percent of the p53 mutations in non-smokers are
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G—T transversions. This does not agree with the much higher
levels (>22%) claimed by Rodin and Rodin (39) and Paschke
(41), presumably because of their indiscriminate use of the
database sets. The difference between 10% G—T mutations in
non-smokers and 29% G—T in smokers is highly statistically
significant (P < 0.0001; x> test). The frequency of G—T trans-
versions is much higher in lung cancers than it is in any other
tumor type except for liver cancers occurring in geographic areas
where a contamination of food products with aflatoxins is present
(60). In most internal cancers, not directly linked to tobacco
consumption, the frequencies of G—T mutations are between 8§
and 12% (Figure 1). This is similar to the percentage of G—T
mutations in non-smokers. In addition, non-smokers have an
increased level of G—A transitions (50%) as opposed to smokers
(28%). Again, these differences are statistically highly signific-
ant (P < 0.0001; x> test) (Figure 1). Interestingly, the frequency
of G—T transversions in lung cancers is increased in never-
smokers (some of them coal miners) from Silesia, a region with
considerable air pollution (61).

It is also of note that, by focusing only on p53 mutations
in cases where the smoking status is known, Rodin and Rodin
(39) and Paschke (41) removed ~85% of the lung cancer data
from their analysis. For these reasons we chose to include
categories of both ‘designated smokers’ (where the smoking
status is known from the literature) and ‘all lung cancer cases
minus non-smokers’. It is reasonable to assume that mutations
with no smoking status specified are most probably connected
to smoking given the fact that =90% of all lung cancers occur
in smokers (9). Indeed, the proportion of G—T transversions
in all lung cancers (minus non-smokers) is remarkably similar
to that observed in designated smokers when taken separately
(Figure 1). When one analyzes the different types of lung
cancers, the frequencies of G—T transversions in the April
2000 p53 database are 29% in adenocarcinomas, 31% in
squamous cell carcinomas, 28.5% in SCLCs and 43% in large
cell carcinomas.

The second claim made by Rodin and Rodin (39) is that any
differences between smokers and non-smokers disappear when
each DNA strand is analyzed separately. We cannot reproduce
these observations. Figure 2 shows that, even when the two DNA
strands are analyzed separately (e.g. G—T mutations versus
C—A mutations), smokers are clearly different from non-
smokers by the much higher involvement of G—T in general
(P < 0.0001; 72 test), a much lower relative frequency of G—A
and C—>T (P = 0.001; x2 test), and a more pronounced strand
bias for G—T mutations. The latter observation is in fact consist-
ent with transcription-coupled repair of bulky DNA lesions, such
as (+/-) anti-benzola]pyrene-7,8-diol-9,10-epoxide (BPDE)
adducts, in the p53 gene (35).

If one examines the distribution of G—T mutations at a
higher level of resolution, one finds that the G—T mutations
in non-smokers are distributed as follows: one at codon 148,
one at codon 158, one at codon 242 and four at codon 249.
This distribution does not match with the distribution of G—T
transversions in designated smokers and all lung cancer cases
minus non-smokers (Figure 3). In these cases, clear mutational
hotspots for G—T are seen at codons 157, 158, 245, 248, 249
and 273. All of these, except codon 249, are strong binding
sites for BPDE and other PAHs (38). Interestingly, codon 249,
which is not a site of strong PAH adduct formation, is over-
represented in non-smokers as well. On the other hand, there
is only one G—T transversion in non-smokers (1 out of 99
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Fig. 1. The types of mutations in the p53 gene of human lung cancers. The numbers were obtained from the April 2000 update of the IARC database with

14 051 entries and from recent publications on p53 mutations in non-smokers (see text for all publications with data on non-smokers). All data on smoking
status were confirmed from the primary literature. Cases of radon-, asbestos- and mustard gas-associated p53 mutations were excluded. Mutations reported in
studies likely to be affected by laboratory artifacts were also excluded as described in the text. The total number of mutations were: all lung cancers minus
non-smokers (n = 1598), non-smokers (n = 99), designated smokers (n = 349), all cancers minus lung and liver cancers (n = 11 196). When smoking-
related lung cancers and aflatoxin-related liver cancers are removed, the frequency of G—T transversions in all the remaining cancers is similar to that in lung
cancers from non-smokers. Del/ins/compl., deletions, insertions and complex mutations.

total mutations) that occurs at a site, which is a strong target
for PAH adduction (codon 158).

The distribution of G—T transversions in lung and other
cancers

A comparison of G—T patterns along the p53 gene can be
made between lung cancers from smokers versus G—T patterns
in selected non-lung tumors. In Figure 3, we have repeated
the same analysis as that presented in figure 2 of the paper by
Rodin and Rodin (39), using the April 2000 release of the
IARC p53 mutation database. It is clear that all major G—T
mutational hotspots are much more pronounced in lung cancers
than in cancers occurring in tissues considered as ‘least
accessible to smoke’. In these tissues, codon 176 is the
most commonly affected site for G—T transversions and the
distribution of these transversions is much broader than in
lung cancers. One of the most important differences is observed
at codon 158, which represents 12.5% of all G—T transversions
in lung cancers from smokers, compared with 1.6% in tumors
‘least accessible to smoke’ (Figure 3).

Even if there is an accumulation of G—T mutations at some
lung cancer hotspots in other tumors, the interpretation of this
coincidence does not necessarily need to involve ‘selection’
of endogenous mutations as proposed (39). The data for non-
lung tumors are dominated by a large number of breast,
stomach and colon tumors (n > 2500). These tissues are either

exposed to certain levels of PAHs directly (colon and stomach;
refs 62,63) or tumor etiology has been specifically linked to
such carcinogens (breast; refs 64-66). Since PAH metabolites
target methylated CpG sequences (including those at codons
157, 158, 245, 248 and 273) very specifically (67), the patterns
may look somewhat similar to those in lung cancer if one
examines only G—T events. What really distinguishes lung
cancer from the cancers ‘less accessible to smoke’ is that a
specific G—T pattern (which correlates with the PAH adduct
patterns; refs 37,38) is at least three times more frequent in
lung cancer than in the other cancers. Rodin and Rodin (39)
entirely ignore this crucial difference and their interpretation
disguises this fact. In other words, if selection of pre-existing
endogenous mutations is the major driving force, as proposed,
then why does one see only 9-11% G—T mutations in the
other tissues rather than 30%? Of course, selection itself, that
is selection from smoking-induced mutations, does play a role,
since only mutants that confer tumorigenicity will eventually
be detectable in cancer cells. However, selection in p53 is
much less dominant than in, for example, the ras genes, where
only a few codons can be found mutated in tumors. The p53
gene is also different from other tumor suppressor genes in
that missense mutations, instead of nonsense or frameshift
mutations, are the vast majority of all mutations. A large
number of diverse missense mutations are found at high
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Fig. 2. Strand-specific p53 mutational patterns in lung cancers. The numbers were obtained using the same criteria as described in Figure 1.
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Fig. 3. Comparison of p53 mutational spectra of G—T transversions in lung cancer and spectra of cancers considered to arise in tissues ‘least accessible to
smoke’. Smokers designated as such in the literature (n = 85) and all lung cancers minus non-smokers (n = 336) are shown separately. Cancers from tissues
considered least accessible to smoke include brain, breast, colon, rectum, skin, hematopoietic and reticuloendothelial systems, testes, prostate, stomach and
lymph nodes (n = 367). The spectrum of G—T transversions in non-smokers is not drawn because there were only seven data points (one at codon 148, one
at codon 158, one at codon 242 and four at codon 249). Hotspots are indicated.

frequency in the p53 database. This makes the p53 gene an The major lung cancer hotspots 158, 245, 248 and 273 are
excellent tool to analyze possible etiological factors leading commonly G—T transversions in lung cancer but are other
to these mutations. mutation types (mostly G—A) in other tumors. This does not
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Table I. Frequencies of different types of p53 mutations occurring at four

different codons in human lung, brain, breast and colon cancers

Tissue-specific mutations at codon 157

lung brain breast colon
G->T 40 (75)* 5(83) 5(42) 7 (50)
G—A 509 0 (0) 217 0 (0)
G—-C 24 0 (0) 0 (0) 4(29)
A>T 4 0(0) 0 (0) 0 (0)
A—C 1(2) 0 (0) 217 0(0)
A—-G 0 (0) 0(0) 1(8) 0 (0)
del/ins 12 1(17) 2 (17) 3(21)
total 53 (100) 6 (100) 12 (100) 14 (100)
Tissue-specific mutations at codon 158

lung brain breast colon
G-T 37 (62) 2 (11) 2 (33) 1 (10)
G—A 9 (15) 8 (42) 3 (50) 7 (70)
G—-C 11 (18) 8 (42) 1(17) 0 (0)
A—>T 0 (0) 0 (0) 0 (0) 0 (0)
A—C 0 (0) 0 (0) 0 (0) 0 (0
A—-G 0 (0) 0(0) 0 (0) 0 (0)
del/ins 3(5) 1(5) 0 (0) 2 (20)
Total 60 (100) 19 (100) 6 (100) 10 (100)
Tissue-specific mutations at codon 248

lung brain breast colon
G->T 32 (35) 0 (0) 2(2) 1(D)
G—A 50 (55) 60 (97) 75 (96) 162 (98)
G—-C 6 (7) 0(0) 0 (0) 2(1)
A>T 0 () 0 (0) 0 (0) 0 (0)
A—C 0 () 0 (0) 0 (0) 0(0)
A—G 0 (0) 0(0) 1(1) 0 (0)
del/ins 2(2) 2(3) 0 (0) 0 ()
Total 90 (100) 62 (100) 78 (100) 165 (100)
Tissue-specific mutations at codon 273

lung brain breast colon
G-T 41 (44) 3(3) 4(6) 0 (0)
G—A 41 (44) 104 (97) 61 (88) 100 (98)
G—-C 7(8) 0(0) 2(3) 0 (0)
A>T 0 (0) 0 (0 0 (0) 0(0)
A—C 0 (0) 0 (0) 0 (0) 0 ()
A—G 3(3) 0(0) (1) 0(0)
del/ins 1(1) 0 (0) 1 () 2(2)
Total 93 (100) 107 (100) 69 (100) 102 (100)

AThe total numbers are given with the percentage of the total at each codon
in parentheses.

agree with the selection theory put forward by Rodin and
Rodin (39). In Table I, we present data for four lung cancer
p53 mutational hotspots. The tumor types analyzed are lung,
breast, colon and brain. These tumors all have sufficiently
large numbers of mutations in the p53 database (between 750
and 1600). Codons 157 and 158 are frequently mutated in
lung cancers (mostly as G—T events) but are much less
commonly involved in the other tumors (Table I). These two
codons are lung cancer-specific mutational hotspots. That
codons 248 and 273 are often the targets of G—T mutations
in lung cancers is a perfect illustration of the respective roles
of mutagens and selection in shaping the mutation pattern of
pS53. These two codons are those most commonly mutated in
the entire p53 database, and this is true in almost every type
of human cancer (liver cancer linked with exposure to aflatoxins
is the only notable exception). This is so because mutating
these residues has a drastic effect on p53 protein function.
The residues encoded by codons 248 and 273 mediate contacts
between the p53 protein and its target DNA (68,69), and their
mutation abrogates the capacity of p53 to act as a transcription
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factor. However, in lung cancers, the mutations at these
codons differ dramatically in their nature from all cancers not
associated with tobacco smoke (Table I): they are frequently
G—T transversions at the bases identified in vitro as sites of
adduction of metabolites of benzo[a]pyrene and other PAHs
(37,38). At codons 248 and 273, 35-44% of the mutations are
G—T transversions in lung cancer, but such mutations are
virtually non-existent in the other tumors. The non-G—T
mutations at these codons in lung cancer may involve carcino-
gens other than PAHs or, alternatively, they may in fact be
caused by PAH metabolites, which can produce mutations
other than G—T (70). These observations provide direct
evidence that p53 mutations in lung cancer occur by a distinct
mechanism, and that this mechanism is consistent with the
mutagenic effects of benzo[a]pyrene, a major carcinogen
present in tobacco smoke.

The issue of silent mutations

To assess the role of tobacco carcinogens in the etiology of
pS3 mutations, it may be argued that smokers should have
more silent mutations than non-smokers and that one should
see silent mutations at the same sites, which are strong sites
of adduct formation (39). First, we are sceptical about the
theories on the origin of silent and multiple mutations in the
p53 database (71,72). Silent mutations in p53 occur at a
frequency of 4.9% of all mutations in all cancers combined.
Somatic mutation frequencies of various genes are at least two
orders of magnitude lower than is suggested by these numbers
for silent mutations. This has been interpreted as being a
consequence of the p53 gene being hypermutable, although a
specific mechanism for this presumed hypermutability is not
obvious (73). A large fraction of these mutations are probably
derived from sequencing problems, errors during scoring of
mutations from the sequencing runs, and systematic errors
generated during sequencing of PCR products after subcloning
into plasmids. In this case, PCR errors from polymerase
infidelity will be scored. For example, we found that the
frequency of silent mutations is 4.7% (419 of 8925) in the
p53 database when the PCR products were sequenced directly,
but 9.5% (127 of 1332) when subcloned DNA was used. The
silent mutations are found in all tumor types and are scattered
over 200 different p53 codons, with no apparent hotspots. The
significance of silent mutations is unknown but it is very likely
that they represent a certain noise level in the p53 database.
This is probably the margin of error we have when we try to
draw lessons from p53 mutational patterns. Also, in the analysis
of silent mutations, one needs to consider the possibility
that a considerable fraction of these mutations may be rare
polymorphisms as discussed previously (74). Unfortunately,
the surrounding normal tissue of a tumor is rarely analyzed for
p53 mutations and a differentiation between rare polymorphism
and somatic silent mutation cannot be made. To further
illustrate this fact, we found that 22 silent mutations (3.2% of
all silent mutations) are reported to occur in cancer at the third
base of codon 213 (CGA—CGG). This ‘mutation’ corresponds
to one of the most frequent polymorphisms in the p53 gene (75).

Rodin and Rodin (39) argue that the distribution of silent
mutations may provide a more reliable basis for detection of
possible carcinogen fingerprints, as these mutations are not
subjected to selection. They speculate that, if a carcinogen
leaves its mark in the genome, this should be reflected in the
number and type of silent mutations. We decided to test this
hypothesis by analyzing the number of silent mutations in



hepatocellular carcinoma, a cancer strongly associated with
exposure to an exogenous carcinogen inducing G—T transver-
sions, aflatoxin. We found that silent mutations occur in liver
cancer at a rate of 5.5% (40 out of 733). Only 17.5% of these
silent mutations are GC—TA transversions (7 out of 40)
compared with 32% for non-silent mutations. In lung cancer,
these numbers are similar. Eight of 60 (13%) of the silent and
475 of 1551 (31%) of the non-silent mutations are G—T
mutations. Thirty-nine out of 60 (65%) of the silent lung
cancer mutations are G—A transitions compared with 27%
G—A mutations for non-silent events. Thus, when a tumor is
causally associated with a carcinogen that leaves a fingerprint
in the p53 mutation pattern, this fingerprint is not necessarily
reflected in the pattern of silent mutations. We believe that
this analysis casts serious doubt on the usefulness of the silent
mutations in this type of analysis, since many of them may in
reality be artifacts or rare polymorphisms not in any way
related to tumor etiology. Even if some of the silent G—T
mutations were in fact related to carcinogenic exposure, they
are so infrequent, relative to non-silent ones (8 versus 475),
that they cannot produce a reliable mutation spectrum in lung
cancer, and one cannot expect to score any significant number
of silent mutation at the site of an adduct hotspot.

Conclusions

Overall, the survey of p53 mutation data available clearly
indicates that there is an increased frequency of G—T transver-
sions in lung cancer from smokers compared with non-smokers
and with most other cancers. In addition, a non-transcribed
strand bias of G—T transversions correlates with preferential
repair of PAH adducts on the transcribed strand (35). Finally,
there is a precise correlation between mutational hotspots and
hotspots of adduct formation by PAHs found in tobacco smoke
(37,38). We consider that, in the face of this experimental
and molecular pathological evidence, the pattern of G—T
transversions in lung cancers clearly reflects the primary
mutagenic signature of smoke-induced DNA damage rather
than selection of pre-existing endogenous mutations.
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