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Enhanced Formation of Benzo(a)pyrene:DNA Adducts in Monocytes
with a Presumed Predisposition to Lung Cancer
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ABSTRACT

Blood monocytes from 45 selected patients with lung cancer
and 30 healthy controls were incubated with [G-*H]-
benzo{a)pyrene for 30 h, and the formation of covalently bound
DNA adducts was determined. The lung cancer patients were
either relatively young (below 46 yr), nonsmokers, or had at least
one first degree relative with lung cancer. Therefore, they might
be considered cancer prone (2.07 fmol of benzo(a)pyrene per ug
of DNA). The DNA adducts were significantly elevated in 22
patients with early age cancer (4.34 fmol/ug of DNA; P < 0.04).
In 12 familial cases, the slight elevation (2.77 fmoi/ug of DNA)
was not statistically significant in comparison to healthy controls.
Benzo(a)pyrene:DNA adduct levels did not differ significantly
between smokers and nonsmokers. Eight of 9 lung cancer
patients with DNA adducts equal or above 4.5 fmol/ug of DNA
but only 16 of 36 with adducts below this value had either oat
cell or squamous cell cancer (P < 0.05). The observed enhanced
formation of covalent DNA adducts in blood monocytes exposed
to a carcinogenic polycyclic hydrocarbon may be genetically
determined and couid play a role in the development of lung
cancer at an early age. ;

INTRODUCTION

A 4-fold increased risk for lung cancer has been observed in
individuals with at least one affected first degree relative (1). This
familial incidence is independent of smoking habits and is prob-
ably based on genetic predisposition. On the other hand, lung
cancer is considered to be caused by environmental factors.
This is convincingly illustrated by the more than 100-fold in-
creased incidence of this tumor during the last century (2). Hence,
it.seems reasonable to speculate that genetic factors modulate
the individual susceptibility to certain carcinogens (3-6). Much
attention has been focused on polycyclic aromatic hydrocarbons
which are activated in exposed cells to their ultimate carcinogenic
forms by genetically controlled enzyme systems (7, 8). Although
the contribution of this class of carcinogens to the development
of lung cancer in humans remains unciear, several investigators
have attempted to relate carcinogenic risk to individual activating
or inactivating enzymes, using benzo(a)pyrene as a substrate.
Promising results were obtained in animals where large differ-
ences of B(a)P3, carcinogenicity could be related to different
metabolic capacities (9, 10). However, the validity of this ap-
proach for a risk assessment in humans remains controversial
(11-19). According to some reports, lung cancer patients pro-
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duced enhanced levels of activated benzo(a)pyrene metabolites
with the capacity to bind to DNA (20-22). If genetic predlsposmon
plays a role, this correlation should become more ‘onounced
for patients with cancer at an early age, patle 'wnfh mumple
primaries, and patients with a family hustorylof fungi canoer ;
Here we report our studies on the formation qf B(a)P ‘DNA
adducts in biood monocytes from three groups of lung cancer
patients: (a) patients having one or more ﬁrst degree relatwe
with fung cancer; (b) life-long nonsmokers and'_ ; patnents
developing cancer below 46 yr of age. Heaithy' smokers and
nonsmokers without a family history of lunp cancer served as
controls. ; :

MATERIALS AND METHODS

Patients and Controls. Biood from patients wnh Iung cancer’ was

The diagnosis was confirmed histologically or cyto{ogfcauy. and tﬁe
tumors were classified according to WHO reoommendanons 23) as
squamous cell, oat cell, large cefl, or adenocarc«nbma& N’lxed tumogs

were evaluated separately. A detailed family and casé
obtained for each individual, in particular with respeg:t o preexistent lung
diseases and smoking habits. Blood was drawn prior fo the onset of
therapy, with informed consent of the patients. A’ total of 45 pa:en(s
were studied of which 22 were below the age of 46 yr. and 12 had at
least one ﬁrst dagree relahve with lung cancer. G me _l

patients were below 46 yr of age. Among 11 noftsmokers
cancer, there were 8 females and 2 males below ¥ age. T*hmy
healthy volunteers served as controls, 22 smokers; an
16 individuals being below 46 yr of age. Seven gro

Table 1. i
Preparation of Monocytes. Fifty m! of venous blood

two heparinized piastic syringes from patients early Fu the

to breakfast smoking., or intake of drugs fsolation b{ cells A

serum (Gibco), pemc:llln (50 mg/mer) neomycin (100 fr
tomycin (100 mgjiiter) buffered with 200 ma 2,4-(2.h
ethylipiperazinyia)ethanesulfonate (Serva. Heidelbery. Germ
Republic) together with NaHCO; (1 g/liter). The pH was ad;u
pnor to sterile filtration.

The cells were resuspended in 10 m! of culture medxum and a 4ahquot',
was measured in a Coulter Counter connected wnth a Channelyzer C:
1000. which allowed the determination of the monocyte oonteﬁl Usually .

an 'Federali
ledi to 75,
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B(a)P:DNA ADDUCTS IN LUNG CANCER PATIENTS

Table 1
Groups of patients and controls

1 Al pauem; (;1 = 45) - vs Al controls {n = 30}

2 Al patients below 46 yr of age vs All controls below 46
{n=22) yr of age (n = 16)

3 Al patients above 46 yr of age vs All controls above 46
{n=23) yrof age {n = 14)

4 Patents with family history of vs All controls (n = 30}
Iung cancer (n = 12}

5 Al patients who smoke vs All healthy smokers {n = 22)
(n = 34)

6 Patients who smoke. below vs Healthy smokers below
46 yr of age {n = 20) 46 yr of age (n = 14)

7 Al nonsmoking patients vs All healthy nonsmokers

(n=11) {n=8)

between 2 and 4 x 107 cells were obtained from 50 ml of biood. The cell
suspensions were inoculated in two 175-cm? cell culture bottles (Nunc,
Proskilde, Denmark), each containing 20 m! of culture medium, and the
monocytes were allowed to adhere to the bottom dunng 18 h of incu-
bation at 37°C in a moist incubator equilibrated with a 4% CO, atmos-
phere. Thereafter the cell layer was carefully rinsed with warm Dulbecco’s
phosphate-butfered saline (25) to remove loose cells, i.e., mainly lympho-
cytes and residual erythrocytes. Each bottie was processed separately
in order to obtain duplicate determinations from each donor.
Determination of Benzo(a)pyrene:DNA Adducts. The culture botties
were subsequently incubated for 30 h under the conditions described,
together with 20 ml of fresh culture medium containing 300 nm (G-*H]-
benzo(a)pyrene. The labeled benzo(a)pyrene was purchased from Amer-
sham Buchler (Braunschweig, German Federal Republic) with a special
radioactivity between 40 and 50 Cijmmol and was purified prior to use
by thin layer chromatography as described (21). Less than 15% of the
radioactive B(a)P was converted to H,O-soluble matenat during the
incubation period as determined by extraction of the culture medium
with organic solvent (26). Pilot expenments with repetitive cell counts
indicated that the loss of monocytes was negligible during incubation.
After incubation, the medium was decanted, the cell layer was rinsed 3
umes with a 0.9% NaCl solution, and the cells were removed by the
addition of 5 mt of 0.05% trypsin (Gibco) in a 0.9% NaCl solution. The
cellutar DNA was isolated according to a method described previously
(27) Aliquots of about 2 x 10° celis were transferred each to a 25-mm
polycarbonate filter (Nucieopore Corporation, Plgasonton, CA) with a 2-
um pore diameter, and the cells were lysed on the Titer by incubation for
15 min with 0.05 m phosphate buffer, pH 6.7, containing 2% sodium
dodecyl sulfate (Serva) and proteinase K (0.5 mg/mi) (Merck, Darmstadt).
The DNA remaining attached to the filter was washed twice carefully
with 5 mt of 0.02 m disodium EDTA, pH 6.7, and subsequently exposed
tor 15 min to 5 ml of EDTA buffer containing RNase A (150 ug/mi;
Boehringer, Mannheim, German Federal Republic). The RNase had been
pretreated for 2 h at 56°C to destroy contaminating DNase activity. After
additionat rinsing with 0.0005 m phosphate buffer, pH 7.0, a solution
containing DNase (0.01 mg/mi) in 0.001 m MgCl, pH 7.0, was added.
and after incubation for 30 min at 37°C, the fragmentated DNA was
eluted from the filter. One mi of bidistilled water was used to remove
residual DNA fragments from the filter. Subsequently DNA concentra-
tions were determined by a fluonmetric assay (28). On average we
obtained 8.7 ug of DNA per 10° cells, which represents a recovery of 60
to 70%. In order to minimize unspectfic radioactivity associated with
DNA, the DNA samples were digested enzymatically with DNase |,
phosphodiesterase. and alkaline phosphatase (Boehringer) according to
Baird and Brookes (1) and subsequently adsorbed to Sep-Pak C 18
cartridges (Waters, Milford, MA). After washing with 30% methanol:H,0
to remove unspecific hydrophilic components, the B(a)P nucteoside
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adducts were eluted with by 5 m! of 80% methanof Tbe tofat radi ctwny
contained in the B(a)P nucleoside adducts was determmed by scnntluauon
counter. We obtained between 200 and 8.000 dpm per samp&e
Analysis by High-Performance Liquid Chromntogra})hy ngh-per
formance liquid chromatographic analysis was pefform selected
expenments. The 80% methano! eluates from Sep-Pak 219 were con:
centrated in & nitrogen stream to a volume of 200 td 400 ul’ One
hundred-ul samples were analyzed on two 25-cm Cm«Bondapdk columns
connected in tandem and eluted socratically with SO" methanol at a
flow rate of 1 ml/min. We used a Hewlett Packard< & 1084 A
chromatograph. Peaks were identihied using authenfic sta 7'§rds and by
companson to data in the Iterature (Refs 29 and 30, Chart -1) ’

{

RESULTS

The concentrations of covalent DNA adducis in human blood
monocytes from lung cancer patients and healthy lividuals

iy

were determined following incubation for 30 h wit B(a)P_ we

were particularly interested in young patients ‘and patients wuth
a family history of lung cancer. The fact that they developed the
disease may reflect a predisposition. Adduct Concéntrations in
these “predisposed” patients were compared, fo- oorrespondmg
healthy control groups. In addition, the smoklng h gory 'of pa-
tients and healthy donors was taken into account. The defnmons
of the donor groups are given in Table 1.'In Tabié 2, the
B(a)P:DNA adduct concentrations are listed: for ‘the patients
groups and the corresponding healthy coritrol groups Ambng
groups of patients, the highest values were found 1or ‘patients
below 46 yr (Group 2: all patients, 4.34 +2.8; b 6::smokers,
4.52 + 2.89). In all groups, the adduct trat‘ oris ' were
hlghe;“ in patnents than in healthy controls. . nghly s»gnmcant
“différences were observed for Group 1 (all pat»enis re}atwe to ail
controls), Group 2 (all patients below 46 yr reiatu»e, o, all healthy
donors bélow 46 yr), and Group 6 (patients beiow «46 yr who
smoke relative to healthy smokers below 46! ‘r) N :S|gnmcanEt

columns eonnected in senes. The assignment of peaks wis as_ lollows Peak Igs
unspecific radioactive matenal, Peaks I/ and VI are tentatively assigried 16 adducts
10 cytosine and adenine. Peak il is (7S}N°4{75.8.9. -lnhydraxy .7.8.9.10, \etrahiy-
drobenzo{alpyrene-1-ylideoxyguanosine, Peak IV 15 (TAENT. -(7d,8;9 ]
7.89. 1(Hetrahydrobenzo(a)pyrene10 ylideoxyguanosine,Peak V 7

6789 6LHOS




&. rqcmwwmnufwg

MAAF 1EO UAINT | DDGULD BrdbaU Cdil- i1 £0D4U 0 2L DU {170 SU/UINITQU IS ) U e U ve tor o o

<
Al
B(a)P.ONA ADDUCTS IN LUNG CANCER PATIENTS
Yable2 *
B Staustical avuluallon {one -stded Wilcoxon test) of DNA ldducls " panenrs versus controls
1 A(I pahenls vs AR con(ro!s
n =45 n=230
344 2 2 30" tmoijug DNA 2072081
2 ANl patients beiow 46 yr of age vs All controls below 46 yr of age
n=22 n=16 .
43428 1.92 + 0.90 N
3 Al patients above 46 yr of age vs All controis above 46 yr of age 03<P< Q (st .
n=23 n=14 !
2582120 2242070 ) ;
. -t
4 Patents with family history of lung cancer vs. Alf controls 02<P< 0 3 (NS) i
n=12 n=30 [T
277179 207081 [
5 Al patients who smoke vs All heaithy smokers
n=34 n=22
367 2256 219+ 087 .
6. Patents who smoke. below 46 yr of age vs Healthy smokers beiow 46 yr of age :
n=20 n=14 i [T,
452+289 1.96 + 095 N <
Red
7. All nonsmoking patients vs All healthy nonsmokers g
n=11 n=8 w
274*106 172+ 038 0’
“ Mean = SE 3
° NS not significant w
<
v
i
T
ONA adducts avie 3 !
Distribution o! (umar cell (ype :
= [fmol/ pg DNA ]
12+ -
- R ' Type | oat.
18- Group of patients  squamous cell
- AR patients {n = 45)"
§— <46 yr of ag€(n = 22)
- Positive family history (n = 12)"
§ ‘ Nonsmokers (n = 11}
- Patents with DNA adducts
L <4.5 fmolfug DNA (n = 36)°
Patients with DNA adducts
- >4.5 fmolfug DNA (n = 9)
21— * One patient had two independent tumors {adenc- and 5guamou c"e‘u c-av;v
—~ nomaj
i l "Compared with the distribution of tumors of types' | and II nn me generaf
- R : - o~ - - pogulaoon being 619 versus 268 according to Kreyberg (31). !
niro . 1 1 3 L 5 NS, not significant. :
ndiduai 9 Types 1 and Il distribution compared in patients with DNA adaycts Below or !
variabibily above 4.5 fmoi/ug of ONA (this value is the mean = 3 o ol Rhe \d:stnbution of ail

Chart 2. B{a)P DNA adducts from all patients and healthy controls The groups
of data in this chart are not wentically numbered as in Tables 1 and 2. Indwidual
vanabdity represents muitiple determinations in weekly intervals in monocytes from
2 healthy controls. 7, healthy nonsmokers {n = 8), 2, healthy smokers (n = 22).3.
lung cancer patients with at least one affected first degree relative (n = 12). 4.
nonsmoking lung cancer patients (n = 11). 5. lung cancer patients beiow 46 yr of
age (n = 22)

differences were observed between patients with a family history
of lung cancer and healthy controls, and the smoking habits of
the donors had only a minor effect. For example. the adduct
concentrations were only slightly. higher for healthy cigarette
smokers (Group 5: 2.19 x 0.89) than heaithy nonsmokers (Group
7:1.72 + 0.38). The number of cigarettes smoked the day before
the blood was taken had no measurable effect. Chart 2 contains
a visual presentation of adduct data for patient and control
groups which aliow an evaluation of interindividual variations. it
also shows that the variability for multiple blood samples taken
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healthy controls).

'
L
i

after an interval of several days from the same h alt y donor
was small (about 7%). N

Table 3 shows that, according to the dlStIanilOr‘l of
(31). approximately equal numbers of our patients: h
tumors (oat cell plus squamous cell carcinoma) ahd type ] tumors
(adeno- and large cell carcinomas). The relatively high numbers
of type il tumors in young patients {below 46 yr) and nonsmokmg
patients account for this result. it should be nbted lhgt in the’
general population, type | tumors predominate (31)! itis |nterest~
ing that 8 of 9 patients with very high adduct corycentrat:ons {le.,
>4.5 fmol/ug of DNA) had type | tumors. Lo

DISCUSSION

Peripheral blood monocytes were used for our study because :
they are readily obtained from patients and healthy donors and'

3
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because they are closely related and possibly identical to the
alveolar phagocytes of the lung. Monocytes constitutively me-
tabolize PAH and may release metabolites into the neighboring
lung tissue. Many enzymes participate in PAH metabolism, and
for B(a)P. more than 40 metabolites have been identified. Some
of these enzymes detoxify PAH; others activate them to metab-
olites which cause macromolecular damage (32). DNA is believed
to be an important cellular target for carcinogen action (33).
Therefore, we measured the capacity of monocytes from differ-
ent groups of patients and healthy donors to form covalent
B(a)P:DNA adducts without attempting to assess differences in
the activities of individual metabolic enzymes (34). Smoking
habits did not exert a measurable effect on adduct formation,
suggesting that the overall activation to DNA binding metabolites
was a constitutive process. Our results are in agreement with
experiments using dogs on smoke inhalation machines in which
the concentrations of B(a)P:DNA adducts were determined by a
radioimmunological method (35). in contrast, the activity of aryl
hydrocarbon hydroxylase alone, a key enzyme in B(a)P metab-
olism, is induced by cigarette smoke (36). The concentration of
covalent B(a)P:DNA adducts following 30-h incubation with B(a)P
1s the result of adduct formation and removal by repair processes.
At least for mice, genetic differences in adduct formation (37),
rather than repair (38), appear to determine the susceptibility to
the induction of cancer by B(a)P. No decrease in repair capacity
was detected in mice with increased sensitivity to B{a)P. For
human monocytes, the efficiency of DNA repair is unknown.

In earlier work we found that monocytes from lung cancer
patients contained significantly higher B(a)P than did controf
monocytes (22). In contrast to the previous study, we now
selected patients who might genetically be predisposed to the
disease. In predisposed patients, carcinogen exposure might be
lower, e.g., in nonsmokers or young individuals with lung cancer,
but their sensitivity to the carcinogen might be higher due to
endogenous factors. An increased efficiency of DNA adduct
formation could play an etiological role in these individuals.
Increased adduct levels were indeed observed in young patients
(below 46 yr) in the present work. However, it is conceivable
that the increased adduct concentrations were a consequence
rather than a cause of the disease. Our findings argue against
this possibility. Only a slight elevation of adduct levels was found
in patients with a family history of lung cancer. A substantial
increase would have been expected aiso in this group if the
disease were the cause of the observed change. it should be
realized that the group of patients with family history of iung
cancer is relatively ill defined. The probability that a second case
of lung cancer occurs in a particular family depends on the family
size. This factor could not be taken into account in the present
study. In addition, the diagnosis for relatives reported to be
affected by lung cancer could often not be ascertained.

Epidemiological studies on lung cancer patients in Denmark
{31) have revealed that predominantly oat cell and squamous cell
cancers of the lung (type | cancers) are related to an increased
carcinogeic exposure by occupational or environmenta!l air pol-
lutants and, in particular, to cigarette smoke. If these carcinogens
induce predominantly type | tumors of the lung. and if the
individual sensitivity to carcinogens is mediated by metabolic
activation of procarcinogens as proposed, then a preponderance
of type 1 cancer can be expected in patients with high efficiency
of formation of B(a)P:DNA adducts. indeed 8 of 9 patients at the

upper end of the distribution of adduct value§ in au fung cancer
patients had type | cancer (Table 3). However, this argumem is
weakened by the considerable, albeit not statgshpally s:gm“ﬁcaqt
number of type I cancers among low adduci, patients. Type I
tumors (normally adeno- and large cell carcmornas) predommated
for patients who did not smoke. :

Studies with monozygotic and dizygotic twlhs §ugge led that
genetic, rather than environmental, factors are maun!y‘r_usponsi-
ble for interindividual variations in the mduc:bmty of a(yl hydro-

carbon hydroxylase in humans (39, 40). These ahd’ our _present
findings support the concept of ecogenetucs (41 42) in the
etiology of at least some types of lung cancer.;! :
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