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SUMMARY |

The inducjbiiity of aryl hydrocarboh hydroxyiase (AHH),by:benioFa]—
pyrene (BaP)Hhas'beehvstudied in synchronously grown cultures of modse Tiver
cells. Thesé.ce11s_(HMuLi ¢l 8)_HaVGI1ow basa] levels of.AHH which can be

)

by serum starvation, and in S by release from serum starvation in combination

“induced greater than 100-fold by BaP. Cells were synchronized'in G](Go
with excess fhymidine. When released from Gl(Go) by rep]&tithat.waér
cell density in fresh medium with 20% éerum,.ce1]s began ehtering S with

a lag of 12 hr. Additioﬁ of BaP (1 ug/ml) 8 hr before serum sfimﬁ]ation,
at the time of stimulation, or 8 hr after stimulation all gave similar in-
duction kinetics: the AHH activity peaked as the cells began entering S
regardless of when the BaP was adaed. Cells blocked in vafibqs parts of

- S by excess thymidine were inducible for AHH activity as eofficiently as cells
moving through S and into GZ' These results indicate that thé inducibility |
of AHH is greater when cells are actively proliferating and may be a con-
“tributing factor to why growing cells are more sensitive to mutagenesis and

transformation than quiescent cells.
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INTRODUCTION "

o The growth state ofvcé]1s has a large influence on the resbonse‘ovae11s
to carcinogens (1-9). In'genera1, cells are more susceptible to‘chemjca1
mutation(10) or transformation(11,12) when they are actively growing. This
increased sensitivity has been seen.with carcinogens that need metabolic
activation as well as with compounds that arelalready activated. Some studfes
with activated. compounds have indicated that particular phases of the cell

,cycle are more sensitive to transformation than others(13-18). Cell cycle
studles have not been poss1b1e with compounds that need metabolic activation
because of the long time needed to induce the enzymes requ1red for metabolism
and thevre1ative1y slow turnover of the substrates. This report describes
our experiments to determine the effect of cell cycle position on the inducibi-
lity of AHH3, the enzyme responsible for the first steps in the metabolism of
polycyclic aromatic hydrocarbons to carcinogenic derivatives(19,20). Our
results ihdicate.that maximal AHH induction requires cells to be stimulated
from density dependent inhibition of growth. The induced activity in density
inhibited cells is greatly reduced when compared.with cells in other phases
of the cell cycle. Enzyme activity is high when the cells are making DNA.

It follows from these studies that ce]]s.are exposed to high levels of activated
derivatives of polycyclic aromatic hydrocarbons at‘thé time when they are

most sensitive to transformation.

MATERIALS AND METHODS

. Cell Culture Techniques

The cells used in th1s study (KMuli c1 8) were der1ved from NMul.i(21,22)
mouse liver epithelial cells by the cloning technique of Puck et al.(23). |
The sensitivity of NMulLi c1 8 to BaP cytotoxicity.was first demonstrated
using a clonal assay. Cvlctoxicity was shown Lo cov rﬂluLn with the prosence

of a hignly inducible Al activity(24). The cells were cultured 1n_p1ast1c

dishes (Falcon, Oxnard, Calif.) and incubated at 37°C in a 5% C02 incubator.
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The medium used iq grow the_ée]]s was Eagle's minimal medium(25) (GIBCO, Grand

Island, N.Y.) contaihing 10% donor calf serum (Flow Laboratories, Rdckvi]]g,

Md) and 10 ug/ml insulin (Schwarz/Maﬁn, Orangeburg, N.Y.). The cells were

judged free of mycoplasma by incorporation bf 3H;thymidiné (20.1 Ci/mM; New .

England Nuc]ear, Boston, Mass.) into the nucleus of the cells and not the

cytoplasm(26). Stock éultures were maintained by subcu]turihg the cells

twice weékly at a ce11 density of 1 x 104‘per cmz. BaP was dissolved.in

 DMSO (Méthesdn, Co]éman, and Be11,‘Los Angeles, Calif.) immediately before

addition to the cultures. The fiha] DMSO concentratioh in all experiments

was 0.5%. | |
Synéhronized:ce]1'tu]tures were obtained by allowing the cells to grow

to saturation density in 100 mm plates. The cells were stimulated to move

synchronously into the G] phase of the cell cycle by replating tﬁem at 1/4

the saturation density in the presence of 20% calf serum. The thymidine

block was accomplished by the addition of 5 mM excess thymidine to the medimnr

Cell Cycle Analysis

To determine the poéition‘in the cell cycle of individual cells of a
popu]ation, the cells were stained with propidium iodide using the technique
described by-crissman‘and Steinkamp(Z?).‘ The DHA content of the.étained
cells was analyzed using a flow cytomete} as dascribed previous]y(28).
Analysis of the resulting histograms was carried out using a modificationa'

of a program described by Fried et al.(29).

Aryl Hydrocarbon Hydroxylase Induction and Assay
AHH induction-and assay was as described previously(24). The assay
is essentia]]y that of Hebert and Gelboin(30) as modified by Nebert and

Gielen(31).



RESULTS

AHH Inductioh After Serum Stimulation of "Quiescent"»Ce]]s

| » Previous'experiménts in our laboratory had 1ndi6§ted fhat when NMul i
cl 8 cells had reached saturation density the induction of AHH was greatly:
reduced relative ﬁo cejls actively growing(24). .Hhen the "QUiescént".ce11s
are repiated at lower cell density in fresh medium containing elevated levels
of cé]f‘sefum, cé1ls progress thfough the cell cycle with a dispérsion thai
depends on the experimental cohditionss. Figure 1 demonstrates how the
induction of AHH relates to the addition of BaP before and after serum stimu-.
lation of cell cycle traverse. In this experﬁmeht BaP was‘added»to some
“cells at the time of reb]ating and serum stimulation. To other cells the
BaP was added 8 hr prior to repTafing and serum stimulation. (BaP was also
present in the replated ce]]s;) Maximal AHH enzyme aCtivfty occurred approxi-
mately TZIhr after the cells Wefe stimulated by excess serum. This peak
in enzyme activity cccurred at the same time after ‘serum stimulation regard-
less of when the BaP wasvadded to the ce]]s.' It was- determined from the DNA
histograms of the populations that the peak of enzyme actiVity oc;urred when
the cells were near the G]-S boundar&t Even when BaP was added 7 hr after
:serum stimulation, as shown in Figure 2, the peak in induced activity occufrad
at essentially the ssme time after serum stimulation. The activfty increased
more sharply when BaP was added at 7 hr after stimulalion compared tb thc |
case when it was added at or before stimulation. This %ndicates that Tittle
induction takes place during the "quiescent" phase of‘the,cycle which occurs
before serum stimulation, and that it takes some time (10-12 hr) after stimu-
lation for the activity to induce makima]ly. It should be noted that the
level of maximum enzyme activity is sbmewhat variab]e in these experimants

and depends on such things as the previous history of the cell cultures.

(821



The BaP cohcentration (1 ng/ml) used to induce enzyme activfty is not rate
]imitihg. Chahgihg the medium regularly to maintain the. BaP concenfraticn

has been shown to héve no effect on the induction process(24). |

The.resu1ts of a detailed cell cycle éna]ysis of the DNA histograms

are shown in Figuré 3. The increase in induced AHH activity (with BaP added

at 7.5 hr after serum stimu1afion) is shown in the lower half of the figure

and is correlated in this case with the increase in the fraction of the total

cell pbﬁu]ation present in the S-phase of the cell cycle.

ARH Induction in "S"

In additibn to using serum stimulation to produce synchronously grbwing
' ce11.cu1tures, exceés thymidine was also used to b]oék cells in Various parts
of S-phase. Cells were blocked in early S-phase by growing them in the -
presence of excess thymidine for 17 hr following serum stimulation. The
DNA Histogfams for these cells at 17, 19, 21, and 23vhr'after stimulation
are shown 1h the upper half of Figure 4.' The cells aré.essentia11y arrested
in early S. BaP was added to these cells at 17 hr éfter stimulation and
the level of induced AHH activityiis shown in Figure 5. A rapid rise in
‘activity can bé seen,

To obtain_ce11s arrested in the middle of S-phase, the thymidine block -
was.removed_for 2 hr at 17 hr after serum stimulation, and replaced at 19
hr. BaP was also added at this time. The DNA histograms for these cells
are shown in the lower half of Figure 4 and the‘1eve1s of induced AHH activity
are siown in Figure 5. The 1nduction'of enzyme activity is similar in cells
arrested in early S and middle S phase of the cell cycle. Cells arrested
in S phase apparently are still capable of inducing AHH enzyme activity, |
even in the presenée of excess thymidine. |

AHH Induction in G.*M 2nd Farly G,

2.

. . gy T Y BN T T IR D R e AR RN
Hoen cells ware roleased Trom excess thvaiding Hlock at 29 hiv after

serum stimulation and a}]bwed to progress from S into G,*M and on into G,



(Figure 6), the time course of enzyme induction (Figure 7) was essentially
thevsame as that for cells progressing from late Gy into S (Figure 3) and
for cells blocked in S (Figure 5); |
'_DISCUSSION | |

Essentia11j no induction of AHH enzyme activity occufs in the "quiescent”
phase of the cell cycle before’re]ease‘from density dependent growth inhibi-
tion. Presqmab]y,_eithér the initial RNA synthesis or the subsequént continued
protein synthesis required for AHH 1nduction(32)_does not take place during
this 'yuiescent" phase. Induction does take place in early and middle S
phase whether the cells rehain blocked in S by excess thymidine or are allowed
to progress through S. The ekcess thymidine block has no apparent effect
on AHH enzyme induéfion or activity, and induction continues as cells progress
through S, GZ+M, and into early G]. Maximum induced activify occurs 4 to
7 hr after addition of BaP, except when BaP is added during the 'guiescent"
phdse. High levels of induced enzyme activity_are seen during S-phase, just
when the cells are involved with replicating their DNA. Thus, activated
metabolites of BaP are present in the ce]lAfo11owing the "quiescent" phase
and may accouht for the increased sénsitivity of growiﬁg cells to chemical

mutation and transformation.
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 FIGURE LEGENDS

Fig.

Fig.

Fig.

Fig.

1.

InduétiOn of aryl hydrocarbon hydrdxy]ase activity in NMulLi

C1 8 mouse liver cells as a function of the 1ength of time in
the presence of BaP. The‘inductidnrprocess was started by thé
addition of BaP either 8 hrs before, or at the time the cells

were stimulated to move synchronously thfough'the cé]} cycle.

Induction of AHH activity in synchronous culture of NMuLi C1
8 cells with BaP added at 7 hrs after the cells were stimulated
to move synchronously through the cell cycle.

A. The fraction of NMuLi C1 8 cells in Gy, S, and GZ+M phases

']9
of the cell cycle as a function of time after the cells were
stimulated to move synchronously through the cell cycle. BaP
was added 7.5 hrs after stimulation.

B. Induction of AHH activity invthe'same cells as in A ébove.

DNA histograms of NMuLi Ct1 8 cells in the presence of excess
thymidine. Excess fhymidine was used to block the cells in
early S phase (17-17 through 17-23) and in mid S phase (19-19
through 19-25). The first number in the label for each histogram
indicates the time after serum stimulation when the BaP was
added. The seccnd number in the label reiers to the time the
cells were harvested. Induced AHH activity was assayed in these

cells and the results are shown in Fig. 5.
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Fig. 5. Induction of AHH activity in NMuLi C1 8 cells in the presence of

excess thymidine.BaP added 17-and 19 hrs after stimu]atiqn.

Fig. 6. DNA hiéﬁograms of NMuLi c1 8 ée]ls after re]ease from excess

| _thymidine‘ﬁlock.t At 29 hrs after stimu]atidn, BaP was added
to the cells and the excess thymidine was removed. The second
number in thek1abe1 refers to the time the cells were harvested.
IhdUCed AHH acﬁivity was assayed in these cells and the results

-are shown in Fig. 7.

Fig..7t .Induction of AHH activity in NMuLi C1 8 cells after release

from excess thymidine block. BaP was added 29 hrs after stimulation.
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