nipause neurons in the brainstem, which gate sac-
cade initiation, cease discharging 8 to 10 ms before
saccade initiation [J. A. Buttner-Ennever, B. Cohen,
M. Pause, W. Fries, J. Comp. Neurol. 267, 307
(1988)], and the transduction time from FEF move-
ment cells to the omnipause cells is around 4 ms [M.
A. Segraves, J. Neurophysiol. 68, 1967 (1992)]. Ac-
cording to these times, then, the FEF cannot influ-
ence saccade initiation later than 12 to 14 ms before
the movement begins. Also, the modal time of burst
onset within FEFE movement cells is 10 ms before
saccade initiation (7). Finally, the minimum latency of
the saccades evoked by electrical stimulation of FEF
is around 20 ms [C. J. Bruce, M. E. Goldberg, C.
Bushnell, G. B. Stanton, J. Neurophysiol. 54, 714
(1985)]. The results of the analysis we report did not
change when the level of activation was measured
20 to 30 or 0 to 10 ms before saccade initiation.

13. All trials for a neuron were rank ordered by reaction
time aqe were split into equal groups containing at
least 10 trials on the basis of reaction time. Thus, the
first group consisted of the trials with the 10 shortest
reaction times, and so on. The number of reaction-
time groups varied across cells because of different
trial numbers. If the total number of no-signal trials
was less than 50, the number of trials in each sac-
cade latency group was set so that five saccade
latency groups were generated.

14. An algorithm was applied to each trial to identify
periods of activity in which more spikes occurred
than would be predicted from a random Poisson
process having the overall average rate of the trial [C.
R. Legéndy and M. Salcman, J. Neurophysiol. 53,
926 (1985); (7)]. For each group of reaction time
trials, the mode of the distribution of response begin-
ning times was, determined.

15, There were a total of 190 saccade latency groups
across all 25 cells. The average r? of the linear regres-
sion on the activation function was 0.79 (minimum =
0.34, maximum = 0.99). A Durbin-Watson test for au-
tocorrelation of the residuals provided another test of
the goodness of fit of the neural activation function with
a line. For only 12 of the 190 saccade latency groups
was there a significant autocorrelation between the re-
siduals. The fact that a linear function provided such a
good fit to the activation function is further evidence
against the variable threshold model that posits a decel-
erating accumulator function.

16. The magnitude of the lateralized readiness potential
at movement initiation does not vary with reaction
time [G. Gratton, M. G. H. Coles, E. Sirevaag, C. W.
Eriksen, E. Donchin, J. Exp. Psychol. Human Per-
cept. Perform. 14, 331 (1988)], and the lateralized
readiness potential does not reach a critical thresh-
old level in signal-inhibit trials [R. DeJong, M. G. H.
Coles, G. D. Logan, G. Gratton, ibid. 16, 164 (1990)].

17. Thereaction time on the ith simulation trial was RT, =
ton + (A'/r;), where t o is the onset latency of the
cell, A’ is the threshold activation level, and r is the
rate of growth of the activation function. The onset
latency of the growth of the accumulator (t,), spec-
ified by the Poisson spike-train analysis, was held
constant across simulated trials. The trigger thresh-
old (A’) was held constant across simulated trials at
the average threshold activation measured across all
reaction time groups collected for that cell (for exam-
ple, Fig. 3D). The rate of growth of the simulated
accumulator function (r) was selected on each sim-
ulated trial from a Gaussian distribution. The mean
and SD of the sampled Gaussian distribution were
derived from the rates of growth of the activation
functions across the reaction-time groups collected
for that cell (for example, Fig. 3E).
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Preferential Formation of Benzo[a]lpyrene
Adducts at Lung Cancer Mutational
Hotspots in P53

Mikhail F. Denissenko, Annie Pao, Moon-shong Tang,*
Gerd P. Pfeifer*

Cigarette smoke carcinogens such as benzo[a]pyrene are implicated in the development
of lung cancer. The distribution of benzo[a]pyrene diol epoxide (BPDE) adducts along
exons of the P53 gene in BPDE-treated HelLa cells and bronchial epithelial cells was
mapped at nucleotide resolution. Strong and selective adduct formation occurred at
guanine positions in codons 157, 248, and 273. These same positions are the major
mutational hotspots in human lung cancers. Thus, targeted adduct formation rather than
phenotypic selection appears to shape the P53 mutational spectrum in lung cancer.
These results provide a direct etiological link between a defined chemical carcinogen and

human cancer.

Lung cancer is currently the leading cause
of cancer death in the United States and is
also the most common type of tumor world-
wide. Tobacco smoking is the single most
important risk factor for lung cancer. Among
the many components of cigarette smoke,
polycyclic aromatic hydrocarbons are strong-
ly implicated as causative agents in the de-
velopment of these cancers (I). Benzo-
[alpyrene, which occurs in amounts of 20 to
40 ng per cigarette, is by far the best studied
of these compounds and is one of the most
potent mutagens and carcinogens known.
The compound requires metabolic activa-
tion to become the ultimate carcinogenic
metabolite, BPDE [(*)-anti-78,8a-dihy-
droxy-9a,10a-epoxy-7,8,9,10-tetrahydro-
benzola]pyrene], which binds to DNA and
forms predominantly covalent (+) trans ad-
ducts at the N2 position of guanine (2).
About 60% of human lung cancers con-
tain mutations in the P53 tumor suppressor
gene (3). The P53 mutation database (4)
includes more than 500 entries of se-
quenced P53 mutations for lung cancer.
There is a large percentage of G to T trans-
version mutations in these tumors. Such
mutations are hallmarks of mutagenesis in-
volving certain types of polycyclic aromatic
hydrocarbons, including BPDE (5), but
they can also be induced by other agents,
including oxidative DNA damage (6). The
distribution of mutations along the P53
gene in lung cancer is nonrandom but rath-
er is characterized by several mutational
hotspots, in particular, at codons 157, 248,
and 273 (Fig. 1), which correspond to ami-
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no acids within the DNA binding domain
of p53. Codon 157 is a mutational hotspot
specific for lung cancer and does not occur
as a hotspot in any other cancer, but the
other two codons are affected in many dif-
ferent tumor types (3, 7). The majority of
lung cancer mutations at these three codon
positions are G to T transversions (4).

To investigate the relation between
BPDE adduct formation and P53 mutations,
we mapped the distribution of BPDE ad-
ducts along the P53 gene using a modifica-
tion of the ligation-mediated polymerase
chain reaction (LMPCR) (8). HeLa cells
were treated with various concentrations of
BPDE (9), and DNA was isolated and
cleaved at the sites of modified bases with
the UvrABC nuclease complex from Esch-
erichia coli (10). UvrABC makes a dual in-
cision 5’ and 3’ to the adducted base, and
the 3’ incision occurs specifically at the
fourth nucleotide position 3’ to a BPDE
adduct (11). These break positions can then
be visualized by LMPCR in which P53-
specific oligonucleotide primers were used
(12, 13). Figure 2A shows an analysis of the
upper (nontranscribed) DNA strand of
exon 5. One of the strongest BPDE-derived
signals along the exon is seen at codon 157,
which is one of the major mutational hot-
spots in lung cancer. In exon 7, the two
guanine positions within the frequently mu-
tated codon 248 are the preferred targets for
BPDE adduct formation (Fig. 2B). The
same is true for exon 8, where the strongest
signal corresponds to a BPDE adduct at the
guanine within the mutational hotspot
codon 273 (Fig. 2C).

To analyze a cell type that is more rep-
resentative of the target cell population
during lung tissue transformation, we per-
formed similar experiments with normal
human bronchial epithelial cells (14). The
BPDE adduct patterns were generally simi-
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lar between HeLa cells and normal bron-
chial cells. Most important, the adduct hot-
spots were the same in the bronchial epi-
thelial cells (Fig. 3).

To test whether the sequence specificity
is related to chromatin structure, we com-
pared the adduct pattern in BPDE-treated
HelLa cells with the pattern in BPDE-treat-
ed isolated genomic DNA. The two pat-
terns were almost identical (15), which ex-
cludes chromatin structure as a major mod-
ulating factor for the cell types analyzed. It
should be noted that the histogenesis of the
different types of lung cancer is incomplete-
ly understood. Therefore, it is important

cancer mutations occur frequently at specif-
ic codons because they are selected for in
the cell transformation process. One possi-
bility is that mutational hotspot codons are
sites of preferred gain of function mutations
or sites that are most important for tumor
suppressor function of the protein. The
presence of mutational hotspots has been
correlated with crystal structure data ob-
tained from a p53 protein-DNA complex
(19). The most frequently mutated amino
acids (residues 248 and 273) contact DNA

directly, whereas some of the other com-

monly mutated amino acids contribute to
stabilization of the protein (19). In lung
cancers, mutations in the P53 gene are
found at more than 100 different sequence
positions (Fig. 1), and it is likely that all of
these mutations can provide a growth ad-
vantage. These results, together with our
current finding that P53 mutation hotspots
157, 248, and 273 act as selective BPDE
binding sites, suggest that P53 mutation
hotspots are preferential targets for DNA-
damaging agents and that selection may not
necessarily play a major role in the occur-

that a similar adduct pattern was seen in 407 273 Fig. 1. Frequency of 253
three different cell types: Hela cells (Fig. a5t mutations in lung cancer
2), bronchial cells (Fig. 3), and normal by codon position. Num-
human fibroblasts (15). This pattern does 2 30T bers were obtained from
i o the P53 database (4).
not appear to be greatly modified by cell = 25l 248 Radon-associated lun
type-specific chromatin structure, which % cancers and cancerg
suggests that the same adduct pattern is + 20T 157 from nonsmokers were
likely to be present in the unidentified tar- B 15l excluded. The sequenc-
get cells for lung tissue transformation. € es surrounding the mu-
Strong selectivity of BPDE binding at gua- 2 104 tational hotspot codons
nine positions in codons 157, 248, and 273 157, 248, and 273 are
was not observed in previous experiments 5 l M h It l l | indicated. The asterisks
in which a DNA polymerase fingerprint ol ILHL“AI” s ull||l|m“ ||In||l. Nk jim mark the mutated Gs
assay was used to detect adducts formed in 88988288828 888888ggsg Wihinthesecodons.
carcinogen-treated plasmid DNA (16). The Codo
. . . n number

apparent discrepancies between our find- /
ings and those of this previous study could / \
be due to different methylation patterns in arseackTaTTTaT
E. coli versus human DNAs; however, the ACC CGC GTC C&C GCC ATG AAC COG AGG CCC
discrepancies may also arise from differenc-
es in specificity and sensitivity of the detec-
tion method. A B c

TheBRDEadducthotspotsaFeopthe ca .001122¢4BPDE(UMCG '33!1?244BPDE(”M)CG -Do||2244BPDE(pM)
nontranscribed DNA strand, which is ex- 75772120000 UvABC  TAC S8 ane T T AR © e * UVABC
pected to be repaired relatively inefficient- . 3! FERTE @ B~
ly, according to the concept of transcrip- . s & e
tion-coupled repair (17, 18). A strand bias -‘ &
in repair is consistent with the majority = % 1267
(>90%) of G to T mutations in lung cancer & % PR o
attributable to guanines on the nontran- = e & 1G* 273
scribed strand (3, 4). - b b FoE T

Codon 179, which is also frequently b L tR T E :g e ;
mutated in lung tumors, is not a strong 5 L= i B 045 ~ 2 &
target for BPDE adduct formation (Fig. = bt c =5 f—"s{;; 8 1282
2A). However, this codon does not con- = ™ - G* 248 - ;
tain a guanine on the nontranscribed = 8 LS }G' & 3
strand, and the majority of mutations are % ey 3 e !
A to G transitions at the second codon - - BNS - ;i
base (4). BPDE binds to guanine 20 times 5. e -
more efficiently than to adenine; thus, it is e T- E
likely that these mutations are caused by 2 17 - !‘ g EE
another mutagenic component of cigarette & _— -

- .

smoke. Pronounced adduct formation was
observed at codon 267 (Figs. 2C and 3C), for
which there is only one mutation entry in
the P53 database. Here, the most strongly
adducted base corresponds to the third
codon position (CGG), and a mutation
would not produce an amino acid change.
It has been generally assumed that P53

Fig. 2. Distribution of BPDE adducts along P53 exons in HelLa cells. Cells were treated with various
concentrations of BPDE, and the distribution of adducts in P53 was determined after cleavage with UwrABC
nuclease and LMPCR (71, 12). Adduct-specific bands migrate four nucleotide positions faster than the
corresponding bands in the Maxam-Gilbert sequencing ladders (left three lanes). Some bands in the sequenc-
ing lanes are absent because 5-methylcytosines are not cleaved (73). (A) Exon 5, nontranscribed strand. (B)
Exon 7, nontranscribed strand. (C) Exon 8, nontranscribed strand. Brackets indicate the positions of selected
P53 codons. Asterisks mark the strongly modified G positions within codons 157, 248, and 273.
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Fig. 3. Distribution of BPDE adducts along P53 exons in bronchial epithelial cells. Cells were treated with 4 M
of BPDE for 30 min, and the distribution of adducts in P53 was determined after cleavage with UwABC
nuclease and LMPCR. (A) Exon 5, nontranscribed strand. (B) Exon 7, nontranscribed strand. (C) Exon 8,
nontranscribed strand. Asterisks mark the strongly modified G positions within codons 157, 248, and 273.

rence of mutations at these sites.

It is also of interest that two of the adduct
hotspots (at codons 248 and 273) are at
positions that are common mutational sites
not only in lung cancer but also in many
other cancers. Almost all of the adduct hot-
spots were at CpG dinucleotides, although
not all CpG sites were strong binding sites
for BPDE. Because the CpG sites in the P53
gene are methylated in every human tissue
or cell type examined (13, 20), the prefer-
entially adducted sequence in vivo is
5-methyl-CpG. Whether selective DNA
damage also plays a role in the frequent
occurrence of transition mutations at specif-
ic CpG codons (codons 175, 245, 248, 273,
and 282) remains to be determined.

The coincidence of mutational hotspots

432

and adduct hotspots suggests that benzo-
[alpyrene metabolites or structurally related
compounds are involved in transformation
of human lung tissue. QOur study thus pro-
vides a direct link between a defined ciga-
rette smoke carcinogen and human cancer
mutations.
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