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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 jG-'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 µg
of DNA). The DNA adducts were significantly elevated in 22
patients with early age cancer (4 .34 fmoi/µg of DNA ; P < 0 .04) .
In 12 familial cases, the slight elevation (2.77 fmol/µg 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 fmoi/pg 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 poiycydic hydrocarbon may be genetically
determined and could play a rote 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 unclear, 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)P'V 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 predisposition
plays a role, this correlation should beconte more ,pronounced
for patients with cancer at an early age, patients wifFi multiple
primanes, and patients with a family historykof lu .ngi c_anc>;r. :

Here we report our studies on the forniation qf 8(a)PcDNA
adducts in blood monocytes from three gro ups of lung cancer
patients : (a) patients having one or more first degrQe reta(ive
with lung cancer: (b) life-long nonsmokers ; and'. ~c)patients.~

:s developing cancer below 46 yr of age. Healthy tamokers and
nonsmokers without a family history of (urip cancer served as
controls .

MATERIALS AND METHODS

Patients and Controls . Blood from patients wjtth luro'cancer Nias
referred to us by seven hospitals between June,19t32 and Plovempe :
1983. The patients were either nonsmokers . smokers ar>jnonsmWcers
below 46 yr of age, or had at least one first degr4re(atlve with lung
cancer. Manifestation of lung cancer below 46 yr q being c,onsidered ;an
unusually early onset of the disease, because an e`valuatioof oi the case

-•,f®cqrds ofyur department of internal medlcine betpveen 19;76 and 19t31
revealed that only 10% of lung cancer patients were iess _tt~an 4fi,ye old .
The diagnosis was confirmed histologically or cyto(o®~lly, and the
tumors were classified according to WHO recornmendetions'(23) ss
squamous cell, oat cefl, large cell, or adenocarcirjtimas . Moced tumo(s
were evaluated separately. A detailed family and case history was
obtained for each individual, in particular with respect to {xegxistent lurig
diseases and smoking habits . Blood was drawn prior to' It* onset of
therapy, with informed consent of the patients . A ;totaf of ;45 patients
were studied of which 22 were below the age of 46 yr.'antl t2 had at
least one first p'degree relative with lung cancer . Amon$ the latter group
were five patients with additional cases of cancer in fthe famidyr ancJ three
patients were below 46 yr of age. Among 11 nosmokers, with lung
cancer, there were 8 females and 2 males below 416 yr pf, age- Thlrt`y
healthy volunteers served as controls. 22 smokers,``,and a nflnsmokers,
16 individuals being below 46 yr of age . Seven gro;ups of ~tients and
controls were defined for a separate statistical evaluation as mdicated in
Table 1 .

Preparation of Monocytes . Fifty ml of venous blood Isveie drawn into
two hepannized ptastic syringes from patients early . the motning prio~ ,
to breakfast, smoking, or intake of drugs. Isolation of cells was started
within 3 h after the blood was taken . Mononudeated cejls w ,e isolated,. ., _
after centrifugation on Ficoll:Paque according to Boyum (2 YJ and wastied
2 times with culture medium . We used Dutbecco ~s modif~l Fagle's;
medium (Glbco. Grand Island• NY) supplemented with 1 ;0°a fetat bovlne
serum (Gibco), penicillin (50 mg/liter), neomyc n(100 rr g/iiter) : and sirep-
tomycin (100 mg/hter) buffered with 200 m+a_ .2_,4-(2 ;hydfozy- ;
ethyl)piperazinyqa)ethanesulfonate (Serva . Heidelbery• Germ'an Federal,
Republic) together with NaHCO, (1 g/liter) . The pH Was adiu~(ed to 7 5`
pnor to sterile filtration .

The cells were resuspended in 10 ml of culture medlum, ancj an'aliquot :
was measured in a Coulter Counter connected witfa a Channelyier C
1000. which allowed the determination of the monix:yte copte'p~t. Usuaqy
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Table 1
Groups of patients and controls

1 All patients (n = 45) ~~- ~ --_- vs All controls In = 30)

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

3 All patients above 46 yr of age vs All controls above 46
(n - 23) yr of age (n - 14)

4 Patients with family history of vs All controls In - 30)
lung cancer (n a 121

5 All patients who smoke vs AB healthy smokers In - 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 All nonsmoking patients vs . Aii healthy nonsmokers
in - 11) ~. - - - in - 8)

between 2 and 4 X 10' cells were obtained from 50 ml of blood . The cell
suspensions were inoculated in two 175•an' cell culture bottles (Nunc,
Proskilde, Denmark), each containing 20 ml of culture medium, and the
monocytes were allowed to adhere to the bottom during 18 h of incu-
bahon 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-buffered saline (25) to remove loose cells, l.e., mainly lympho-
cytes and residual erythrocytes . Each bottle was processed separately
in order to obtain duplicate determinations from each donor .

Determination of Benzo(a)pyrene :DNA Adducts. The culture bottles
were subsequently incubated for 30 h under the conditions described,
together with 20 ml of fresh culture medium containing 300 nM (G'HJ-
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 Ci/mmol 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 H2O-solubte material during the
incubation period as determined by extraction of the culture medium
with organic solvent (26) . Pilot experiments with repetitive cell counts
indicated that the loss of monocytes was negligible during incubation .
After incubation, the med um was decanted, the cell layer was rinsed 3
times with a 0 .9% NaCI solution, and the cells were removed by the
addition of 5 ml of 0 .05% trypsin (Gibco) in a 0.9% NaCt solution . The
cellular DNA was isolated according to a method described previously
(27) Aliquots of about 2 x 10' cells were transferred each to a 25-mm
polycarbonate filter (Nucleopore Corporation. asonto , CA) with a 2-
>.m pore diameter, and the cells were lysed on the er 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/ml) (Merck, Darmstadt) .
The DNA remaining attached to the filter was washed twice carefully
with 5 ml of 0 .02 M disodium EDTA, pH 6 .7, and subsequently exposed
for 15 min to 5 ml of EDTA buffer containing RNase A (150 /rg/mi;
Boehnnger, Mannheim . German Federal Republic). The RNase had been
pretreated for 2 h at 56°C to destroy contaminating DNase activity . After
additional nnsing with 0 .0005 µ phosphate buffer, pH 7 .0, a solution
containing DNase (0.01 mg/mi) in 0.001 M MgClz, pH 7 .0, was added,
and after incubation for 30 mtn at 37°C, the fragmentated DNA was
eluted from the filter . One ml 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°0 . In order to min mize unspecific radioactivity associated with
DNA, the DNA samples were digested enzymatically with DNase 1,
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% methanot :H,O
to remove unspecific hydrophilic components, the B(a)P nucleoside

adducts were eluted with by 5 ml of 80% methanol The total radioactivity
contained in the B(a)P nucleostde adducts was detenyiined by'sun611atton
counter . We obtained between 200 and 8 .000 dpm [~er'sa{npk

Analysis by Hiyh-Performance Liquid Chrorha,togFaphy : H,gh-per
forrnance liquid chromatographic analysis was per'fonneb `in selected
experiments . The 80% methanol e)uates from Sep-Pa)< G,p lqere corn
centrated in a nitrogen stream to a volume of 200,to 400 NI' One
hundred-pl samples were analyzed on two 25-cm C,m=Bdndapak columns
connected in tandem and eluted isocratically with (50.° m£rth-anol at a
flow rate of 1 mI/mm . We used a Hewlett Packardl NAo~Iet 1084 A
chromatograph . Peaks were identified using authentic st2rldpr,`lls and by
companson to data in the literature (Refs 29 and 30 . Chart 14)

RESULTS

The concentrations of covalent DNA adducts in human blood
monocytes from lung cancer patients and healthy ind.ividuals
were determined following incubation for 30 ti with B(a)P . We
were particularly interested in young patients and palients wittE
a family history of lung cancer . The fact that they' devWoperd the
disease may reflect a predisposition . Adduct1~cohceri,trations iri
these "predisposed' patients were compared ; to corresponding
healthy control groups . In addition, the smcOng hist;ory'of pa=
tients and healthy donors was taken into account . Ttre .definitions
of the donor groups are given in Table 1 i In TakNe 2, the
B(a)P :DNA adduct concentrations are listed for tti;e; patients
groups and the corresponding healthy control grouRa-,Among
groups of patients, the highest values were toujld for patients
below 46 yr (Group 2 : all patients, 4 .34 ± 2 .8 : it_roup 6 smokers,
4.52 ± 2.89). In all groups, the adduct concenGatiorts were
higW in patients'than in healthy controls . Highly significanEt
differences were observed for Group 1 (all patients_retative to all
controls), Group 2 (all patients below 46 yr relati~e : to; ali heelthy
donors Wow 46 yr), and Group 6 (patients tie{ota ~6`yr who
smoke relative to healthy smokers below 46 `yr) ; No, significant

IV

Chart 1 . Typical elutwn profile of DNA adducts from two 2b•cm,C,°-BorWapak
columns connected v, senes . The assignment of peaks wps as,toqows Peak r ;,s
unspecific radioactive material . Peaks 11 and VI are tentatr{e'•y assigr?.e`d,;to add'ucts
to cytosme and adenine . Peak III is (7S}N'{7d .8,9: trihydroxy-7•8 .9,10;tetrati",y-
drobenzo(a)pyrene-1-yl)deoxyguanosme . Peak IV is (7R}N'{7d .@;9-trihytlrox~•
7,8,9 .10-tetrahydrobenzo(a)pyrene-10-ylpeoxyguanosine,Peak V ,s'(7R or7S}K •
(7d.8.9d•tdhydroxy-7•8.9-tetrahydroxybenzo(a)pyrene-10-yl)deozygrlariosme- _
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B(a)P .DNA ADDUCTS IN LUNG CANCER PATIENTS

1 All patients
n=45

Table 2 •
Statistical evaluation (one-sided Wilcoxon test) of DNA adducts rn Panents versus controls

3 44 ± 2 30' tmol/Ng DNA

2 All patients below 46 yr o/ age
n=22
4,34 z 2 8

3 All patients above 46 yr of age
n- 23
258s 120

4 Patients with family history of lung oancer
n=12
2.77 ± 1 79

5 All patients who smoke
n=34
367t2.56

6 . Patients who smoke . below 46 yr of age
n=20
452±289

7 . All nonsmoking patients
n=11
274s106

' Mean ¢ SE ° NS
. not significant

^_ . .i€ 1
~ . .- 31

~~~~ ~.

- ., Type,/,l ! '~Staf~s(~cal
Type I oat . ader§;, signi(icance

~ Group ot patients squamous cell large { :ell test)
°

",u~LdlV~tlll A

vs AN controls
ne30
207t081

vs

'ntra- 1 2 3 65
ndlviduai
vartabtlity

Chart 2 . B(a)P DNA adducts from all patients ard healthy controls The groups
ot data in this chart are not identically numbered as in Tables 1 and 2 . Individual
vanabblity represents multiple 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 firet degree relative (n - 12) : 4.
nonsmoking lung cancer patients In : 11) . 5. lung cancer patients below 46 yr of
age(n II 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 ± 0 .89) than healthy 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 allow an evaluation of interindividual variations. It
also shows that the variability for multiple blood samples taken

AXpatients(n=45)' 24 :221, ; P<0 .05
<46yrofa~W(n=22) 13 9. ;
Positive family history (n = 12f 11 Nonsmokersln=11) 3 8

; ; P<0001°

Patients with DNA sdducts 16 21 € ;
<4.5 fmol/Ng DNA (n - 36)' ~ P<0 05°

Patienls with DNA adduots 8 1._ _
s4.5 trnd/mg DNA (n = 9) "

~eOne patient had two independent tumors (adeno- and squamous-cell caro .
noma) - - '

° Compared with the distribution of tumors of types I and `II in ttie generai `,
pogulatan lte ng 619 versus 268 accord ng to Kreyberg (31) .

NS . not sgniLcant.
° Types I and 11 ddstnhution compared in patients with DI~IA adtl~,rcls below or above 4

.5 hnol/Ng of DNA (this value is the mean ~ 3 ~ of !ttte dfstribwtion of all
healthy aontrols). . - . . ~.

after an interval of several days from the same tie.alttfy donor `
was small (about 7%).

Table 3 shows that, according to the distinOori af EG_eyberg
(31), approximately equal numbers of our pati,ents; had type I
tumors (oat cell plus squamous cell carcinoma) a~id iype II turnors '
(adeno- and large cell carcinomas) . The relatively high ltiumbers `
of type 11 tumors in young patients (below 46 yr) ~nd norismoking ;
patients account for this result. It should be rtbted,thot, in the'
general population, type I tumors predominate (31)i IS is interest-
ing that 8 of 9 patients with very high adduct cor~centrations (i .e., r
>4.5 fmol/Ng of DNA) had type I tumors .

DISCUSSION

Penpheral blood monocytes were used for our study.because ;
they are readily obtained from patients and healthy!, doriors and ;
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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 hydroxyfase 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
is 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 control
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 also 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 lung
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 I cancers) are related to an increased
carcinogeic exposure by occupational or environmental air pol-
lutants and, in particular, to cigarette smoke . If these carcinogens
induce predominantly type I 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 I 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 vafues in all fUrig cancer
patients had type I cancer (Tabfe 3) . Howeverr, this argument js
weakened by the considerable, albeit not statjstioalty,slgn%ficartt .
number of type I cancers among low adduq, patiarlts, Type',II
tumors (normally adeno- and large cell carcinom_ as) prQdomjnate`d

for patients who did not smoke .
Studies with monozygotic and dizygotic twiHs 'tsugoested that

genetic, rather than environmental, factors are rnainfXiresponsi-
ble for interindividual variatlons in the inducibtlity of a{y! hydro-
carbon hydroxylase in humans (39, 40) . Thesa a(id otirpreserlt
findings support the concept of ecogenetics' (41 . 42) in the
etiology of at least some types of lung cancer,l ;
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