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ABSTRACT

We investigated the effect of cigarette smoke condensate (CSC), two
basic fractions (Bu and HI,,)of CSC, the ethanol-extracted weakly acidic
fraction (\V.\,.). and the methanol-extracted neutral fraction (%,â€žâ€ž,,,)on
the clonal growth rate, plasminogen activator (PA) activity, cross-linked
envelope (CLE) formation, and ornithine decarboxylase activity, epider
mal growth factor (EGF) binding, thiol levels, and DNA single strand
breaks in cultured human bronchial cells. Neither CSC nor any of the
fractions were mitogenic over the range 0.01-100 Mg/ml.AH were growth
inhibitory at higher concentrations. The 40% growth inhibitory concen
trations for CSC, B,., BIb,WAÂ«,and N^t were 10,10, 10, 3, and l Â»ig/
ml, respectively. Effects on CLE formation, morphology, PA, and orni
thine decarboxylase activities, EGF binding, and thiol levels were evalu
ated using 40% growth inhibitory concentrations. We found that CSC
and all fractions caused an increased formation of CLEs, from a baseline
of 0.5% in the untreated cells to a maximum increase of 25% induced by
N,,,,,>i,.A squamous morphological change was observed within l h after
exposure to N^h, WAÂ«,and CSC. The B,. and B,b fractions had little
effect. Only N^,h increased PA significantly, from 2.5 Â±0.4 to 5.1 Â±0.3
units/mg cellular protein. CSC and the WAÂ«and NÂ«*(Nâ„¢,.,,> WAÂ«>
CSC) fractions caused a decrease in EGF binding, in each case reaching
a maximum effect after a 10-12-h incubation. This effect on EGF binding
was further characterized in the case of Nâ€žâ€ž,,i,.In untreated normal human
bronchial epithelial cells, by Scan-hard analysis the Adwas 2.0 nM and
there were 1.2 x 10s receptors/cell. In cells incubated in medium con
taining Na^t, (3 Mg/ml) the kt was 3.2 nM and there were 1.1 x 10*

receptors/cell. Thus, inhibition of EGF binding by \,,,.,,, was due primar
ily to a decrease in the affinity. At the 40% growth inhibitory concentra
tions neither CSC nor any of the fractions significantly affected intracel-
lular thiol levels. While a 3-h incubation in medium containing CSC
caused significant DNA single strand breaks only at a concentration of
100 fiu/nil. Nâ€ž,â€ž,,,caused a marked effect at 5 Mi/ml. Neither CSC nor
any of the fractions had an effect on ornithine decarboxylase activity.
Due to the effects of the Nâ€žâ€ž,,i,fraction on growth, morphology, EGF
binding, PA activity, and formation of single strand breaks we consider
it to be the most likely portion of CSC to contain compounds with actions
similar to those of the phorbol ester, indole alkaloid, and polyacetate
tumor promoters.

INTRODUCTION

EpidemiolÃ³gica! studies have established that cigarette smok
ing markedly increases the risk of developing bronchial carci
noma (1) and that this increased risk is at least in part due to
tumor promotion (2). By using the mouse skin two-stage car-
cinogenesis model as well as inhalation studies in a variety of
animals, it has been determined that most of the tumor initia-
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tors are in the Bu fraction of CSC3 (Fig. 1) and include several
4- and 5-ring aromatic hydrocarbons (3). CSC-derived tumor
promoters for mouse skin reside primarily in the strongly
polaric neutral subfraction (Nmeoh)(4), the weakly acidic fraction
(WAÂ«)and the phenolic fraction (5) (Fig. 1).

Because it is not known what compounds may serve as tumor
promoters for NHBE or what their effects might be, we recently
investigated the effects of representative compounds from three
different chemical classes of tumor promoters that are active in
the mouse skin Carcinogenesis model (6, 7). We reported that
TPA, teleocidin B, aplysiatoxin, and debromoaplysiatoxin each
induce terminal squamous differentiation in the entire popula
tion of NHBE cells in culture. In order to determine if there
might be compounds in CSC that would have similar effects on
NHBE cells, we studied the effects of CSC, Nmeohand WAâ€žon
the clonal growth rates, morphology, PA and ODC activities,
and CLE formation. We also observed the effects of the frac
tions BU and Blbwhich are relatively less active in mouse skin
tumor promotion studies. One of the early effects of TPA and
other tumor promoters in many epithelial cell culture systems
is inhibition of EGF binding due to a decrease in the affinity of
the EGF receptor for its ligand (8, 9). Therefore, we observed
the effect of CSC and CSC fractions on EGF binding in NHBE
cells. Measurement of intracellular thiol levels provides a sen
sitive indication of the effects on cells of electrophiles such as
reactive aldehydes and peroxides. From previous investigations
it is known that CSC decreases thiol levels in isolated suspen
sions of rat liver or lung cells (10). In addition, the clonal
growth inhibitory effects of CSC on cultured human bronchial
fibroblasts was partially prevented when cells were coincubated
with N-acetylcysteine, a compound with nucleophile properties
similar to glutathione. Therefore, we measured the effects of
CSC and CSC fractions on thiol levels in NHBE cells. Finally,
because CSC has been reported to be mutagenic (11) and
clastogenic (12) in other systems, we measured CSC effects on
DNA SSB formation.

MATERIALS AND METHODS

Chemicals and Reagents. We purchased human fibronectin, receptor
grade EGF and 125I-radiolabeled EGF from Collaborative Research,
Waltham, MA; 6- and 24-well plastic culture dishes from Costar,
Cambridge, MA; Lux 60-mm plastic culture dishes from Miles Labo
ratories, Inc., Naperville, IL; LHC medium from Biofluids, Rockville,
MD; trypsin from Worthington Diagnostics Inc., Freehold, NJ; Vitro-
gen from the Collagen Corp., Palo Alto, CA; plasminogen from Sigma,
St. Louis, MO; and urokinase from Cal Biochem, La Jolla, CA. CSC
and fractions were obtained from the Tobacco Health Institute, Uni
versity of Kentucky, Lexington, KN.

Cell Culture Methods. Human bronchial tissue was obtained from
donors at the time of autopsy or surgery. The tissue was dissected free
of peripheral lung tissue, cut with a scalpel into 2 x 3-cm fragments
and placed into culture on a rocking platform for 4-6 days to enhance
reversal of ischemia (13). The bronchi were then cut into smaller (0.5-
cm2) pieces and incubated in LHC-8 medium (14), a serum-free medium

containing, in addition to other growth factors, bovine pituitary extract
and EGF. The medium was replaced every 3-4 days. After 8-11 days
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C, relative carcinogenic activity
P, relative tumor-promoting activity

Fig. 1. Fractionation scheme of cigarette smoke participates and relative
carcinogenic and promoter activities of major fractions on mouse skin (4). '

of incubation, outgrowths of epithelial cells radiated outward from the
tissue more than 1.5 cm. At this time, the expiants were transferred to
a new culture dish to reestablish primary cultures.

The primary outgrowth cultures were dissociated into single cells
using trypsin. The cells were washed twice with HBS, then incubated
at room temperature in a trypsin solution [1% polyvinyl pyrrol idinc.
0.02% ethyleneglycol bis(/3-aminoethyl ether)-A',./V,./V",A''-tetracetic

acid, and 0.02% crystalline trypsin prepared in HBS]. Dissociated single
cells were suspended in 5 ml of medium containing 10% fetal bovine
serum, pelleted (5 min, 1500 x g), resuspended in serum-free LHC-8

and used to inoculate experimental culture dishes. Primary epithelial
cell cultures were used for all experiments. For each experiment, cells
pooled from one donor or one group of donors were used to test the
effects of CSC and each of its fractions on a particular parameter, such
as the clonal growth rate. The group of donors used varied from
experiment to experiment, but never within an experiment.

Clonal Growth Assays. Effects on cell division were measured using
a clonal growth rate assay (15). Sixty-mm culture dishes were inoculated
with a clonal density of cells (200 cells/cm2). After 7-8 days of incu

bation in media containing the test compounds, the cells were fixed
with 10% formalin and stained with 0.25% aqueous crystal violet. The
mean number of cells per clone in 18 randomly selected colonies (nine
per replicate dish) was determined for each condition tested. To derive
the growth rate (population doublings per day) the log; of the average
number of cells per clone was divided by the number of days of
incubation. A computerized image analyzer (Artec 800) was pro
grammed to count the number of cells per colony. Students' t test was

used to evaluate the significance of difference between experimental
groups.

Plasminogen Activator Assay. Coated 16mm wells on 24-well plates
were inoculated with NHBE cells at a preconfluent density (10s cells/
well; 5 x 10" cells/cm2) in 1 ml of LHC-8 medium. After a 24-h
incubation at 37Â°C,PA activity was determined using a modification

of a previously described method (16). After 5 h of incubation with 250
/Â¿Iof LHC-8 medium containing the test compounds, 25 /il of plasmin-
ogen (final concentration 0.1-0.3 units/ml) was added and incubation
was continued for one more hour (a total of 6 h of incubation with the
test compound). Media were removed and centrifugea in an Eppendorf
3200 microfuge for 30 s to pellet the cells, and 90 /il of medium was
incubated with 10 /il of benzyloxycarbonyl-glycyl-L-prolyl-L-argi-

4 D. Hoffman, personal communication.

nyl[MC]anilide (final concentration, 0.5 HIM; 1.0 mCi/mmole) for l h
at 37Â°C.The reaction mixtures were then extracted three times each

with 2 ml of Econofluor II (New England Nuclear, Boston, MA) and
radioactivity assayed. [l4C]anilide that was proteolytically cleaved from

the substrate was hydrophobic and was removed with the Econofluor
II. The intact substrate was hydrophilic and remained behind. Plasmin
ogen activity varied from lot to lot and was quantified using urokinase
as a standard.

Cross-Linked Envelope Assay. Coated 35-mm wells on 6-well plates
were inoculated with 2 x IO5cells (2 x IO4cells/cm2) in 2 ml of LHC-
8 medium. Twenty-four h after inoculation, we assayed for the presence
of CLEs after a 6-h incubation with the test agent using a modification
of a method (17) previously described (18).

OIK Assay. ODC activity was measured by a modification of a
previously described method (19). For each assay, 16-mm wells on 24-
well plates were inoculated with 10s cells (5 x IO4cells/cm2) in 1 ml of
defined LHC medium (LHC-8 lacking EGF and bovine pituitary ex
tract). Twenty-four h later, media were removed and replaced with 250
ni of fresh media containing the test compounds. After a 6-h incubation,
media were removed, and cells were quickly frozen on dry ice. After
freezing and thawing three times to lyse the cells, ODC activity was
quantified by measuring the release of 14CO2from labeled ornithine
during a 1-h incubation. The reaction mixture, with a final volume of
100 /il, contained 40 mM Na phosphate, pH 7.2,1 HIMEDTA, 2.5 HIM
dithiothreitol, 0.1 mM pyridoxal phosphate, 0.1 mM NaOH, 1.2 HIML-
ornithine HC1, and 0.2 /Â¿Ciof [l4C]ornithine, with a final specific activity
of 1.5-1.7 mCi/mol. Protein was assayed using a modified Lowry
method (19).

Measurement of SSB Formation by DNA Alkaline Elution. The
procedure used was developed and reviewed by Kohn et ai. (20). The
cells were filtered onto a 2-/im pore size polycarbonate filter (Nucleo-
pore, Pleasanton, CA), lysed with 2% SDS/0.1 M glycine/0.2 M Nal-
EDTA (pH 10.0); 2 ml of the same solution containing 0.5 mg/ml of
proteinase K was then pumped through the filter at 0.04 ml/min. This
solution was followed by 0.02 M EDTA (acid form)/0.1% SDS plus
tetrapropylammonium hydroxide added in the amount required to give
a pH of 12.2. Eluted fractions were collected and assayed for radioac
tivity as previously described (20). The combination of the polycarbon
ate filters, proteinase K digestion, and SDS in the eluting solution
minimized the cross-linking effect seen by agents that induce DNA-
protein cross-links (20). In order to provide for an internal standard,
3H-labeled LI210 cells that had received 300 rad at 0Â°Cwere included

in each assay.
EGF Binding Assays. Coated wells (16 mm) on 24-well plates were

inoculated with IO5 cells in 1 ml of defined LHC medium (LHC-8

medium lacking EGF and bovine pituitary extract). After 24 h of
incubation to allow the cells to equilibrate, cells were washed with HBS
and incubated for varying amounts of time at 37'C with the test agent.
Media were then removed and replaced with media containing [I25I]-
EGF in addition to the test agent, and cells were incubated at 37"C for
l h or at 4Â°Cfor 2 h. Cells were then washed three times with HBS

and solubilized with 1% SDS, 1% Triton X-100, and 0.1 N NaOH.
Radioactivity was measured in an 1KB 1275 gamma counter. Nonspe
cific EGF binding was determined by addition of 1 /tg/ml nonradioac-
tive EGF.

Total Thiol Content. Cells were plated at 2 x 10s cells/60-mm dish
48-72 h before assay of total thiol content. Cells were exposed to the
indicated CSC fractions for 3 h in serum-free LHC medium. After
washing twice with phosphate buffered saline, cells were lysed and
cellular protein was precipitated by addition of 0.7 ml 6.5% trichloro-
acetic acid to the dish. The cellular precipitate was removed from the
dish by scraping with a rubber policeman. The resulting suspension
containing protein and released cellular thiols was centrifugea at 1500
x g for 8 min and 0.5 ml of supernatant analyzed for total content
according to Savi lie (21).

RESULTS

Clonal Growth Assays. Neither CSC nor any of the fractions
increased the clonal growth rate of NHBE cells at concentra-
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tions ranging from 0.01 to 100 Mg/ml under the conditions used
(Fig. 2). CSC and each of the fractions were growth inhibitory
with the relative potency being Nme0h> WA,. > Bla = B!b =
CSC. The IC40 values were 1,3, 10, 10, and 10 Mg/ml, respec
tively.

Morphology. CSC (10 Mg/ml) caused the cells to become
elongated and to migrate on top of one another. With time the
planar surface area increased. Bh,and BH,(10 Mg/ml) also caused
the cells to become elongated, but their effect was less pro
nounced than that of CSC. W AÂ«(3 Mg/ml) and Nmeoh(1 Mg/ml)
each caused the cells to assume a squamoid appearance with
increased planar cell surface area and a centrally oriented,
darkly staining nucleus, reminiscent of the morphological
change induced by TPA, teleocidin B, or aplysiatoxin (6, 7).
The morphological changes induced by CSC, WAâ€žor Nmcoh
become maximal only after 10-12 h.

CLE Formation. The IC4o concentration of CSC and each of
the CSC fractions induced CLE formation to varying degrees
(Table 1). Nmeohinduced 25% of the cells to form CLEs; WAÂ«,
20%; Bla, Blb, and CSC, 12%, 12%, and 15%, respectively.
Again, induction of CLE formation became maximal after 10-
12 h.

PA Activity. The Nme0hfraction induced PA activity by 270%
above control (Table 1). CSC and the other fractions did not
affect PA activity significantly.

EGF Binding. For initial studies of the effect of CSC on EGF
binding, cells were preincubated in medium containing the test
agent for varying periods of time at 37Â°Cfollowed by a 1-h
incubation at 37Â°Cin medium containing the test agent plus
[I25I]EGF (l HM). Under these conditions, specific binding of
[I25I]EGF has reached a plateau and nonspecific binding repre

sents less than 5% of total binding (data not shown). While

<
9

20 -

jjg/ml

Fig. 2. Effects of cigarette smoke condensate and its fractions on the clonal
growth rate. Control growth rate was 0.95 Â±0.04 PD/D. Results are the means
Â±standard deviations from two identical experiments. O, CSC; D, BI.; A, Bu,:â€¢.
WA.; A, N_..

Table 1 Effects of CSC and fractions on NHBE cells

DMSOO.1%7

CSC
Bu
BIb
WA.ICÂ«"

CLE*10

fin/ml 15 Â±1
10 Mg/ml 12 Â±2
10 Mg/ml 12 Â±2
3 Mg/ml 20 Â±3
1 Mg/ml 25 Â±2PAC2.5

Â±0.4
2.6 Â±0.8
1.8 Â±0.7
2.2 Â±1.2
2.9 Â±0.6
5.1 Â±0.4ODC*.2

Â±0.5
.1 Â±0.2
.3 Â±0.2
.4 Â±0.3
.4 Â±0.2
.3 Â±0.2EGF

binding'100

60
110
100
30
10

" Concentration that produced a 40% reduction in clonal growth rate.
" Results given as a percentage of total cell population, Â±SD.
' PA activity, results given as nmol ["Cjanilide released/mg protein/h, Â±SD.
d ODC activity, results given as nmol "CO2 released/mg protein/h, Â±SD.
' Specific |IMI]EGF binding, percentage of control value (600-2000 cpm/

100,000 cells).
7 DMSO, dimethyl sulfoxide.

maximum inhibition of specific [I25I]EGF binding by TPA is

observed after 1 h with an IC4o of 0.3 HM, in a separate series
of experiments maximum inhibition with CSC was observed
only after a 10-h incubation and the IC4o was about 8 Mg/ml.
When the CSC fractions were compared, both the WAÂ«and the
Nm,.ohfractions inhibited specific [I25I]EGF binding with Nmeoh

being the most potent (Table 1). In an effort to determine the
mechanism of this inhibition, we measured [I25I]EGF binding
after a 10-h preincubation at 37Â°Cof cells in medium containing
Nmeoh(3 Mg/ml) followed by a 2-h incubation at 4"C in medium
containing Nme0hand varying concentrations of [I25I]EGF (Fig.
3). Specific binding of [I25I]EGF approaches a plateau after a
2-h incubation at 4Â°C(data not shown). By Scatchard analysis,
in the absence of Nme0hthe KAwas 2.0 and there were 1.2 x 10s

EGF receptors/cell. After incubation in the presence of Nmc0h,
the KA was increased to 3.2 nM and there were 1.1 x 10s

receptors/cell.
Thiol Levels. Incubation of cells for 3 h with the IC4oconcen

tration of CSC or CSC fractions did not significantly affect
intracellular thiol levels (Fig. 4), however, when the cells were
incubated with a concentration of Nme0h10-fold greater than
the IC40there was a statistically significant 27% decrease in the
level of thiols.

DNA SSB Formation. Although addition of 100 Mg/ml CSC
to the medium was necessary for observation of a significant

40

32

24

16

Kd Receptors/Cell

10
BOUND (fmole/105 cells)

20

Fig. 3. Scatchard analysis of specific [12!I]EGF binding data, and effects of a
10-h preincubation in medium containing Nâ€žâ€ž,,,,(3 Â¿ig/ml).Correlation coeffi
cients were 0.97 (r test > 99.9%) and 0.88 (r test > 99%) for Nm^,-exposed and
control cells, respectively. The data shown is from one experiment and is repre
sentative of two others. Points, average of two values with a range in each case of

100

60

20

10 30

leg/ml]

GO

Fig. 4. Effects of CSC and its fractions on the total thiol content of human
bronchial epithelial cells. G, WA.; A, B,.; â€¢,CSC; O, BIb;â€¢NÂ»Â«*.
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effect on DNA SSB formation, a marked effect was observed
with as little as 5 ng/ml Nmeoh(Fig. 5).

DISCUSSION

Investigations of the carcinogenic effects of CSC using animal
models, including skin painting experiments as well as inhala
tion studies, have determined that there are compounds in CSC
that serve as tumor promoters in these systems (5). Although
it has been suggested from analysis of epidemiolÃ³gica! data that
tumor promoters in smoke play a role in the pathogenesis of
human bronchial carcinoma (5), it is not yet known which
compounds in cigarette smoke may serve as tumor promoters
for human bronchial epithelial cells nor by which mechanism
they may act. Because there is large interspecies and inten issue
variation in response to the mouse skin tumor promoters (22)
it is problematic to extrapolate data from experimental animal
systems to the human situation.

An important effect of TPA in most systems is alteration of
cell differentiation. However, while cell differentiation is inhib
ited in some tissues, in others it is stimulated (23). In most
human epithelial culture systems studied thus far TPA induces
at least a portion of the population to terminally differentiate
(24,25). In some systems, another population of cells is induced
to divide (24). We have reported that the entire population of
NHBE cells is induced to terminally differentiate when incu
bated with TPA, teleocidin B, aplysiatoxin, or debromoaplysia-
toxin (6, 7). Since human lung carcinoma cell lines are resistant
to this effect, the hypothesis that tumor promoters act by
inducing terminal differentiation in normal, noninitiated cells
while initiated cells are resistant to this effect and thereby
selectively outgrow the normal cell population (24) is probably
applicable to human bronchial epithelium.

In these experiments we determined whether CSC or CSC
fractions could have effects on NHBE cells similar to those
observed with TPA, teleocidin B, or the polyacetates. We report
that CSC inhibits clonal growth, induces some morphological
changes similar to those seen with TPA, induces the formation
of CLEs and inhibits the binding of EGF. The Nmeohfraction is
a much more potent inhibitor of cell growth, and at the !('.,,,

induces a morphological change very similar to that observed
after incubation with TPA, increases CLEs more than the other
fractions and increases PA activity. In addition, Nmc0his the
most potent inhibitor of EGF binding. Furthermore, this inhi
bition is due primarily to a decrease in the affinity of EGF
receptors for the ligand, rather than down-regulation of, or
direct competition for, EGF receptors. This mechanism is also
the one by which TPA and other known tumor promoters
inhibit EGF binding (26, 27). Based on the above findings, we

=E .8

zz
Q O ,6

FRACTION OF INTERNAL STANDARD DNA
RETAINED ON THE FILTER

Fig. 5. Effects of CSC and N,â„¢*,on DNA SSB formation in NHBE cells.
Cells were exposed to the indicated fractions of CSC for 3 h in serum-free LHC i
medium and formation of SSB assayed by the alkaline elution technique as
described in "Materials and Methods." â€¢,control; O, 50 ng/ml CSC; A, 100 >ig/

ml CSC; A, 5 Mg/ml N-*; â€¢10 â€žg/mlN_Â».
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conclude that the tumor promoting activity in CSC has parti
tioned primarily into the Nmeohfraction. It is unclear why a
prolonged incubation in medium containing CSC is necessary
before effects on EGF binding are observed. It is possible that
a TPA-like product is produced through metabolism of a com
pound in CSC.

Because the inhibition of growth caused by CSC and its
fractions may involve other mechanisms in addition to induc
tion of terminal differentiation, we measured intracellular thiol
levels in an effort to determine whether CSC would pose an
electrophilic challenge to the cells. Indeed, the most growth
inhibitory fraction (Nmcoh)decreased total thiols, indicating that
this fraction may contain small amounts of highly reactive
compounds with affinity for sulfhydryls in protein and low
molecular weight peptides such as glutathione. Because the
effect on thiol levels became statistically significant only at a
very high concentration of Nmc0h(10-fold greater than the 1CÂ«)),
it is likely that this depletion of thiols plays only a minor role
in CSC inhibition of NHBE cell proliferation. Other mecha
nisms of toxicity, such as inhibition of protein or nucleic acid
synthesis and effects on electrolyte homeostasis may play a role,
and remain to be investigated.

There are reports that the irreversible phase of tumor pro
motion may involve clastogenic events mediated by free radical-
induced DNA strand scissions. In support of this speculation,
TPA causes SSB (28) and chromosome aberrations (29) in
human leukocytes. Furthermore, mutagenic events that are
likely to involve DNA damage, have recently been suggested as
necessary during later as well as initial stages of carcinogenesis.
We find that a significant increase in DNA damage, in the form
of SSB, is observed after incubation of the cells with medium
containing five times the IC4o concentration of the Nmeohfrac
tion. In contrast, CSC causes a significant effect only after
incubation of the cells with a concentration that is 10-fold
greater than the K '4â€ž.Other investigations report that cigarette

smoke exposed phosphate buffered saline caused a large number
of SSB in cultures of AS49 lung carcinoma cells (30). It is likely
that reactive gaseous phase aldehydes, i.e.. acrolein or formal
dehyde (31) or labile DNA-damaging agents, e.g., active oxygen
generated from cigarette smoke (31), are responsible for the
differences found between CSC and tobacco smoke.
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