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SUMMARY

An investigation was undertaken on the toxic effects of the carcinogen
benzo(a)pyrene (BaP) to an epithelial cell strain derived frdm the Tivers of
Namru mice (NMuLi). Growth curQes of NMuLi in BaP:showed that the carcinogen
markédly depréssed the satufation density and growth rate of the ceT]s. These
effects were dose-dependent. The toxicity of BaP to:NMULi-was much.greaterv ‘
(27 x) on logaritﬁmica11y growing cells than on confluent cells. There was |
also a s]ight 1ag (1/2 day) before the toxic effects of BaP became apparent.
These resultsvindicated a necessity for cell division in the expression of the
toxicity. 7

When cells surviving the initial BaP treatment (BaP-NMuLi) were again
cycled in BaP, it was found that the population was enkiched 8-fold fn cells
resistant bo BaP relative to the parent, untréated population (NMuLi). The
effects of BaP in_depressing the growth rate and saturation density of
BaP-NMuL i were’]éss than its effecfs on NMuLi.

- Survival cu}ves for clones of;NMuLi and BaP-NMuLi treated with BaP
posseﬁsed slight shou]ders,.indicatfng a mu]fi-hif process for cell death.
The D, for BéP;NMuLi was greatef thén.that‘fof NMQLi. | , .

A clonal ané)ysis of NMuLi for resistance to the cytotoxicityrof’BaP
showed heterdgeneity in the levels of resistance among the c]ohes.} The .
| same analysis of BaP-NMuLi showed that clones derived from it appeared

enhanced in their\feéistance relative to those from NMuLi.

- INTRODUCTION

The action of certain chemicals on the differentiated epithelial cells

of various organs to produce carcinomas is presumed responsible for the



occurrence of many'tumors in man (3). ;Statisticghfrbm a study carried out in
Denmark show that 92% of human cancer incidence is a result of carcinomas
(epithelial origin) while the remaining 8% is due to leukemias and sarcomas
(connective tissue tumors) (4).

It is difficult to culture epithelial cells free of fibroblasts, and
consequently only a small amount of work has been conduéted'oh them (22,23,24).
Recently, Owens_gﬁ_gl;_have isolated a pure strain of epithelial cells from
the livers of Namru mice and characterized these cells as‘fo epithelial
morpho]ogy_ahd'u1trastructura1 characteristics (20). |

While the cytotoxic effects of carcinogens’have'been studied in fibro-
blastic and mixed fibrob]astic;epithelial systems (7,8,11,12,21), these
effects have not been well characterized in pure epithelial systems. Such

epithelial tissues as skin and lung, which initially come into contact with

carcinogenic agents, and liver, and which possesses,é wide variety of enzyme

systems which'metabolize these compounds, would be of particular relevance
in toxicity sfudies; ~Investigations on thé kinetics of toxicity in these E
systems shou]d give infqrmation on the mechanism of the toxicity.

- of équa1*importance'is the mechanism by which variants resistant to the
cytotoxic actibn of fhese‘chemicaIS'arise and the bio]bgfca] consequences of
production of these vafiants{ ‘Some organ SystemS‘susceptibleAto the cyto-
toxicity of cafcinogens, such as liver, possess a regenerative capacity.

It is conceivabie‘that a high rate of regenerative cé]] division coupled
with sbontaneou§ mutation frequencies of the order of ]0'6 per .cell (5,12)
couid result in the production of new c]oﬁe; of cells lacking thpse‘properties

necessary to the integrity of the organ. This effect would be in addition

‘to the direct malignant transformation of cells in culture by chemical

carcinogens (2,9,16,17,19,23).
Parallel cases regarding the induction of variants resistant to the

toxicity of certain chemicals have béen studied in a number of systems. In the -
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. investigations of bromodeoxyuridine resistance inrffog cells (18) and
resistance to 8-§zaguanfne in Chihese hamster ce11sv(13,25), the lack of
a p]oidy effect on 'mutation’' rates had led to doubts as to whether the
variants arise'by a simple nuclear genetic mutation. Explanations such as
epigenetic processes or extranuclear mutations have beén suggested as |
possfbi]ities to explain thé effects (13). Investigation of another case
may serve to generalize these results. ' |

On a more general level, studies of thé production o%.variants resistant
to BaP should lead to a better understandiné of the process of de novo |
variation df cells in culture. Such'én understanding'i§ vital if cell
culture results are to be extrapolated with any confidence to whole animals.

Cdnsequent]y, it was decided to investigate the cytotoxic effects of
BaP, a commén-ehvironmenta] cércinogen, on Owen's sfrain of epithelial cé]]s.
Barthblomew g;_glg_héve found these cells to be exfreme]y sensitive to the
cytotoxic effects of BaP even after many passages in cd]ture.(l). They
aiso found that the production of a resistant population correlates with‘a
- Toss in inducibility of the enzyme system which métaﬁglizes BaP to cytotoxic
derivatives. - '

We nOW'eXtend these results by defining the time dependence of exbreséion
of the toxicity and its kinetics, the effects of Baﬁ on the saturation
density and population doubling time of the ce]Ts, and the degree‘of

resistance induced in a population of cells that has been exposed to BaP.

MATERIALS AND METHODS

Cells. The NMuLi cell strain is an epithelioid derivative obtained
from the livers of Namru mice by Owens (20). BaP-NMuLi is a derivative of
NMuLi obtained by exposing NMuLi to 5 ug/ml of BaP, as described in a

previous report (1). Both cell strains were cultured in minimal Eagle's
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Medium (10) fortified with 10% fetal calf serum (GIBCO, Grand Island, N.Y.),
1250 units/ml of penicillin G (Calbiochem., San Diegd, ‘Calif.), and 50 ug/m]
of Streptomycin"5u1fate (Mann - Research Labs.,'New York; N.Y;). '
Cells were routinely verified to be Mycop]asma—free by autoradiography
using a modification of the method of Culp and Black (6). Cells Were
seeded at 1 xvl.O5 per 100 mm dish, allowed to recover for one day, and

then treated for 24 hr with 5.0 or 0.1 uCi/ml of 3

H thymidine (20.1 Ci/nmole;
New England Nuclear, Boston, Mass.). The medium was then ;spirated |

off, the cells were rinsed for 6 minutes with hypotonic KC] (0.075 M), and

- fixed two timeszfor fifteen minutes each with acetic acid-methano] 3/1

(v/v). The plates were aT]owed to dry overnight, and then Kodak Nuclear
Emulsion (Eastman Kodak, Rochester, N.Y.) was applied for 3 days at room
temperature. '

Toxicity Studies. For all cell counting toxicity studies, cells were

seeded at 3 x 10% per 35 mn dish (Falcon, Oxnard, Calif.) in 1.5 ml of
medium. Twenty-four hours postéplating, cells were treated with freshly
prepared solutions of BaP in acetone (10 ul, 0.66% in the medium). .After
BaP treatment, the medium was aspirated off and the cells were washed WTth
0.25 mM Tris buffer, pH 7.4, containing 140 mM NaCl, 5 mM KCI1, aﬁd 0.7 mM
NazHP04v(isotonic Trisﬁbuffer). The cells were then removed from the plates
by trgatmeht with 0.01% trypsin (Difco, 1:250, Detroit, Miéh.) in isotonic
- Tris buffer for 20 minutes at 37°C. An aliquot of the trypsin solution was
counted in a mode] Fn Coulter counter (CoU]ter Electronics, Hialeah, F]a.),
For growth curVe determinations, cells wefe plated and treated with BaP
as above. They were maintained in BaP (no fluid changes) and counted each
day és necesséry. For both growth curve and toxicity étudies,'four,dishes
were averagéd per experihenta] point.

In clonal survival determinations, cells were p1ated at 2 x 102 per
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60. mm diShvfn 5 ml of medium. One day post-plating, cells were treated
with 10 ul of BaP (final concentration's‘ug/ml) in acetone. BaP treatment
lasted for 3 days, at which time the medium was remerd, the cel]s'weré
washed with isotonic.Tris buffer, and fresh medium was added.‘ On day
9-13 post-plating, the medium was removed, the clones Were stained and fixed
for 5 minutes with 1% crystal violet in 25% ethano];-ahd the diéhes were
rinsed gently 3 times with tap water. _

’C]oning- Cloning exper1ments were performed by the g]ass cy11nder
isolation procedure (15). | ' '

Chemicals. Acetone was distilled. ' Benzo(a)pyrene (Aldrich, San Leandro,
Calif.) was purified by column chromatography on neutral alumina (Woelm,
' Eschewege; Germany) with benzene as eluant. It was then recrystallized from
benzeﬁe—iScprOpandl, and its purity was verified'by‘thin-1ayer chromatography
‘on 6060 silica gel p]ates (Eastman Kodak Rochester, N.Y. ) with 19/1 (v/v)

benzene-ethanol as developing solvent..

RESULTS ,
Description of the Tox1c Effects Growth curves of NMuL1 and BaP NMuL1

in benzo(a)pyrene show that the toxic effects of the carcinogen appear to

be amplified by cell growth (Charts 1 and‘2). The saturation densities

and growth rates of both cell strains are lowered as the concentration of

BaP is raised, those of NMuLi to a much greater exteht than those of BaP-NMuLi.
This data -can be replotted to show the effect of time on the.expression

of toxicity more clearly. For cells in logarithmic growth phase, N =vNoeat.

Fof cells growing in BaP in log phase, a deafh term due to the effects of

the carcinogen must be added: NB = N0 a t bt, where.b is a function qf

BaP concentration.. Taking the ratio of a BéPétreafed.culture to a mock-

treated culture, 1og(NB/N) = (a' - a - b)t, and a plot of 1og(NS/N) yersus.t



should be ]inear és'1ong as the cells are growing;logarithmically.

If the growth rate a is the same for cells in‘BaP_and in the control
medium, then the plot wiil show the effect of carcinogen-induced cell death |
directly. However, if a # a', then the plot will étill be linear, but will
not distinguish between true cell death and a.décréase in the growth rate
of the BaP-treated cells. More sophisticated cell cycle analyses are
needed to differentiate between these two cases.

- 'The replot of the data in Chart 3 shows that théré is ‘a slight delay
in the expression of toxic‘and/or'ce11-cyc1e lengthening effects of BaP,
which are then exponential until the cells reach confluence.

}7vKinetics}of Toxicity. An investigation of the kinetics (BaP depéndence)

of the toxicity is shown in Chart 4. At high concentrations of BaP, the
curves level off, suggesting that a sub-population of cells resistant to
the toxicity ofﬁthé carcinogen exists in both cell strains.

Upon subtraction of the resistant‘fréction of cells from the curves,
normalization of the controls to 1.0, and replotting, exponential curves
'with}a shou]dér:are.obtained (Chart 5), indicating a multi-hit mechénism
for the tokicity‘process. |

- The toXiCity‘ofiBaP to confluent popu]étions of NMuLi was also
inveétigated, and the slope of the confluent killing curve is 27 times
less than that of the log phase ki11ing curves (Chart 6 versus Chart 5).
Since few cells are dividing at confluence, the results are consistent

with a requirement for cell division in the expression of the toxicity.

Survival Curves in Clonal Analyses. The death of clones of NMuLi and
BaP-NMuLi was a]so investigated to confirmvthe éeT] counting survival plots.
In two experimeﬁfs; the:c10na1 SurViQél cufves paralleled those of the cell
counting assays in'qua]itative shapé. Subtraction of the fraction'of
resistant ciones, renormalization, and rep]otting,a1sd yielded an exponentjal

curve for NMuLi with a small shoulder (unpublished data).



-8-

Biological Significance of Resistance to the_Qytothicity of BaP

Levels of Resistant Cells in NMuLi and BaP-NMuLi. Two interesting

conclusions arise from the three-day kinetics curves for NMuLi and BaP-
‘NMuLi (Chart 4). First, cycling the NMuLi popu]atioﬁ in 5 ug/ml of BaP
has enriched it 8-fold for cells resistant to the cytotoxic effects of BaP.
Both cell and clonal survival assays lead to the same values for the fractions
of the populations (Table I). This property is stable, since both NMuLi and
BaP-NMuLi maintain their percentages'of resistant ceT]s»asna function of
passage (Table II);” Secondly, the skew of resistance appears wider in BaP-
NMuL i re]ative-to NMuLi, suggeﬁting that there is a hetérogeneity of cell
types sensitive to BaP cytotoxicity in the BaP-NMuLi population. This point
wﬂ]betnamdiamr. | |
The BaP-NMuLi population has the same doubling time and saturation
density as the NMuli population (Table III) and hence it should possess no
selective advantage over NMuLi. When 4 x 106 cells of either cell strain

were injected sub-cutaneous]y into the isogeneic host, no malignant tumors

were produced (unpublished data).

Degrees of Resistance and Population Heterogeneity - Clonal Ana]ysis.;
The death of c1one§ and.ce11s‘sensitive to the cytotoxic effects of éaP is
essentially complete after a 3-day treatment with 5 ug/ml pf the compound‘
(Chart 4). The clonal death prdcedure was adopted for assessing the levels
of resistance to BaP in isolated clones derived from NMuLi and BaP-NMuLf..

The'results, plotted as hi;tograms (Chart 7), show that both cell
strains are compbséd of clones of varying sensitivities to the cytotoxic
effects of BaP. Cycling of NMuLi in BaP to produce BaP-NMuLi has apparently
caused the fully sensitive clones of NMuLi to die and/or develop higher

levels of resistance. This is a confirmation of the results of Chart 6,



showing that the.DO’for the sensitive cells in NMyLi is only 0.06 ﬁg/m]
versus 0.10 ug/ml for the sensitive cells in BaP-NMuLi. The mean level of
clonal resistance is also much higher in BanNMuLi, 0.7 + 0.2 versus 0;4 + 0.3
in NMuLi. - '

The clonal histogram also confirms the results of Chart 4 in showing
'fhat there is a gfeater heterogeneity of sensitive cell types in BaP-NMuLi
relative to NMuLi. Further, cells susceptible to BaP¥induced cytotoxicity

in BéPéNMuLi'are'not those from NMuLi which fortuitously eébaped‘the first

round of toxicity, but are more resistant than their progenitors in NMuL1i.

_ It is also of interest that there are fully resistant clones in NMuli
itself. This may be a result of culturing, or it may reflect a pfevibus
egbosure 6f the Namru mice to carcinogens in vivo. This question can only
be answered by performing the experiment immediately upon isolating these

cells.

DISCUSSION |
Due to its extreme sensitivity to the cytotoxic effects of BaP, it
appeérs that thevNMuLi'céll strain Wi]i serve as a good epithelial model
for studyihg'toxicity due to carcinogenic polycyclic aromatic hydrocakbons.
Of interest was the fact that the kinetics of toxicity manifested a

shoulder or lag in the expression of toxicity as does the time dependence

. of the toxicity. Bbth effects may be due in part to the induction of the

enzyme that metabolizes BaP to ;ytotoxic products, aryl hydrocarbon
hydroxylase (AHH) (11), and/or to the existence of DNA repair enzymes.
Efforts are in prpgfess to characterize the induction parameters for AHH
induction in sensitive clones derived from NMuLi,vand to study the 1§ss of
this inducibility as the ce]]s‘become more resistant to BaP-induced

cytotoxicity.
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The use of é]onai-histogramﬁ-has shown that.both_NMuLi and BaP-NMuLi
are héterbgeneous in their responses to the cytotoxicity of BaP. FUrthefmore '
cloning experiments on isolated clones of NMuLi have shown ihat the subclones
dll breed true and that the phoduction gf variants resistant to the cytotoxicity
of BaP is not an all-or-none, one-step process, but a sequential, multi-
step process (manuscript in preparation). It'is-a]sb.of interest that the
Do‘valuestforANMﬁLi.and'BaP-NMuL suggest that resistant variants may be due
to a production'of new variants with different levels of §esistance'as well
~as a selection for pre-existing résistant variants:
Finally, experiments are being 6dnducted'to test whether the process of
formation of resistant variants is a spontaneous or induced process via

fluctuation analyses, and to measure the mutation rate of this process.
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Table 1

Fractions of the NMulLi and BaP-NMuLi Populations Resistant

to 5 ug/ml of BaP

% Resistant Ce]]s

Cellular Assay Clonal Assay

NMuL { 7+4 (6 expts.) | 9+6 (2 expts.)
BaP-NMuL 1 57413 (4 expts.) - 59+14 (2 expts.)
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Table 2

Constancy of the Fraction of Cells Resistant to the Cytotoxic
Effects of BaP in the NMuLi and BaP-NMuLi Populations

as-a Function of Péssagé’Number

" Experiment # © " :% Resistant Cells Passage Number

" NMuLi BaP-NMuLi

| 12 - 27
2 4 67 29
'3 4 38 | 30
4 7 60 33
5 12 63 34
6 5 - 35

NET 7+4 57+13
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Table 3

Growth Parameters for NMuLi and BaP-NMuL i Cell Strains

6

Doubling Time, Hrs. Saturation Density, x 10
NMuL i 1641 (4 expts.) 1.840.4 (3 expts.)

BaP-NMuL i 2046 (2 expts.) 1.140.6 (2 expts.)



'CHART LEGENDS

4

Chart 1. Growth curves of NMuLi in BaP. Cells were seeded at 3 x 10" and

-allowed to grow for one day before treatment with BaP in acetone.
Chart 2. Growth curves of BaP-NMuLi in BaP.

Chart 3. Curves from Chart 1 were all divided by the acefﬁne controls and

replotted as survival curves.

Chart 4. Cytotoxicity of BaP to NMuLi (o0----0) and to BaP-NMuLi (e---e).

4

Cells were seeded at 3 x 107, allowed to recover for one day,

and then treated with BaP in acetone for 3 days.

Chart 5. The fraction of cells resist@nt to 5 ug/ml of BaP for 3 days was
subtracted from the toxicity curves of Chart 4. The data was then
normalized by multiplying the entire. curves by the factor necessary'
to correct the controls to a survival fraction of 1.0. a)e,

BaP-NMuLi data. b) o, NMulLi data.

Chart 6. The kinetics of toxicity of BaP to confluent NMuLi. Cells were
seeded at 1.5 x 106/35 mm dish, and the ;ontro] plates were
monitored until they had reached cohf]uenég on day 2, as shown
in.a). BaP was then added, and the ce]ls’were éounted 3 days

later. These results are plotted in b).

Chart 7. C]ona] analysis of resistance to the cytotoxicity of BaP. The

NMuLi and BaP-NMulLi pobu]ations were cloned, and each clone was
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tested for its ability to survive a three-day treatment with
5 ug/ml of BaP. The abscissa represents the survival of 100
BaP—tfeated clones relative to the untreated controls from the
same isolated clone. The black arrows represent the calculated

mean clonal survival for each population. a) NMuLi. b) BaP-NMuli.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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