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Abstract
14

We have been studiing the effects of TPA on the move-
ment of cells around the cell cycle. Ve ﬁonitored cell
cycle position by flow cytometry as well as 3H-thymidine
1nc9tp6ration 1nt§r DNA. 'Hheh TPA was added to'the cﬁlture'
mediun(5 x 10.6H) of growing cells, the 'first.vobsetved‘
change in cell Cyclé‘distribution was a block in the move-
ment of cells out of G, dinto. ihe beginning of S. This
effect was'aeen by 2 h&uts after adding the.compound to the
medium. This early block in movement out of Gl eventually
resul ted 1@ a depletion of cells in S. The depleted S was
refilled with cells moving"from-cl peginning at 10 hours
after TPA addition- This renewed movement of cells tﬁrough
S was partially synchronous. When quiescent cells were
atinulated by serum in the presence of TPA, the kinetics of
cell cycle movement depended on' when relative to serum
stimulation -the TPA was added.. When TPA was added at the
time of serum stimulation the wave of ceils moving from G1
to S was more synchronous than controls. There was no éﬁi-
dence t#ét nore cells m;ved through the cycle in the pres-.
ence of TPA than in its absence. Addition of TPA just as
the cells began entering S again caused the cells in G1 to
delay their entrance into S for approximately 10 hours.
These studies indicate that f?A causes an increase in syn-
chrony of cycling cells Aby.cfeating a temporary paﬁse td

'éell ¢ycling in Gl'
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o " INTRODUCTION

Clttiéogenesis is a .-ultistep process(l-3). In the
‘case of chenicallgarcinogenesis at least two Qteps have been
idcntifigd. The first step, initiation, has received con-
| siderable a;tentioh and has been shown to involve chemicals
that bind to DNA(4~6). These compounds 1nb1bit DNA syn-
thesis with an effectivenéss that cotreiates with their car-
éinogenicity(7). The secon& step in chemical carcinogenesis
that has been 1denti£1ed is promotion. Promotion is caused
‘by chemicals whiﬁh by theﬁselve# are not carcinogenic, but
ihen added to ceils at the time of,.br after, initi{ation,
greatly enhance tumorigenesis(8-11). Pronotién was first
 characterized using an.ig‘glgg mouse epidermis assay(8,10)
and has siﬁce been observed in other tissues such as
liver(12), bladder(13), and colon(l4). Recen;ly; promotion
has also been demonstrated in the C3H 10T 1/2 cell culture

transformation system(l5, 16).

The types of compounds that cause promotion are
extremely heterogeneous. Many promoter; are growth fag-
tors(9) which suggests that the mechanism of promotion
1nvolvés some aspect of the growth regulatory Qachinery.
Other promoters are natural compouﬁds extractible from vari-
ous plan; sources. The most potent promoters known are the
diesters of the tefracyélic diterpene phorbol. In Ehis
group, the most active promoter identified 4is 12-0-

-tetradecanoyl-l3-ace£ate'(TPA)(17).
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‘The effects of TPA on various aspects of cellular

" biochemistry have been examined(18-20). Prominent among the

| effects observed is the stimulation of fﬁnctions which " nor-
mally égtrelate_ with prépatation for the ~onset “of DNA
synthesis(21-26). Many of the studieé with ptomoﬁers have
concerned their effect on DNA synfhesis(9). However, thé
effects of TPA on DNA synthesis are complex. In general,
the observations fronm m#ﬁj different cell systems afe that
TPA causes a temporary inhibition of DNA synthesis folloééd
by a recovery to either control levels or higher(27-31).
Perturbations of DNA synthesis in popuiﬁtioné of célls in
yivo or in culture arevcbmplex phenomena th;£ can only be
described completely after detailed cell cyclé kinetic stu-
dies. This report describes such a study using £flow

cytometry(FCM) to analyze the effects of TPA on DNA syn-

thesis in mouse liver cells(NMuLi ‘cl 8).
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 MATERIALS AND METHODS

. Cells and éultute Techniques

The cells used in thi; Studj were deriveﬁ from
._ln11(32) mouse liver eﬁiihelial cells by the cloning tech~
nique of Puck, et al. (33). All cells were cultured in
plastic dishes(Falcon, Oxnard, Calif.) and incubated at 37°
in a 52 CO2 incubator.- The medium used c§ grov the cells
was Eagle’s minimal medium(34; GIBCO, Grand Island, N. Y.)
containing 102 doﬁor calf serum(Flow Laboratories, 3ock-
ville, MD) and 10 ug/ml insulin(Schwarz/Mann, Orangeburg, N.
Ye). The éells were judggd free of mycoplasma by incorporg—
tion of 3H-thymidine (3H-Tdr 20.1 Ci/mM; New England
lu;leat, Boston, Mass.) into the nucleus of cells and not
the cytoplasm. Stock culture were maintained by subcultur-

1n§ the cells twice veekly at a cell.density of I x 104 er
y P

cnz. Cell counts were determined by using a Model ZBI

Coulter counter (Coulter Electronics Inc., Hialeah, Fla.).

The cells were synchronized in G1 by allowing them to

- grow to saturation density. Cells were seeded at 5 x 10
per 100 mm dish Lﬁ medium containing 10% serum, and allowed
to grow for 4 days. At saturation density, they were dis~
tributed in the cell cycle with 692 in Gl, 142 in S, and 17%
in 62+M. To stimulate the cells they were reseeded in fresh
dishes with fresh medium containing 20% serum. The TPA was
added at the ¢times indicated in the experiment. TPA was

dissolved in methanol and stored at =-20° as a 1.0 mg/ml

5
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’solutioﬂ: Methanol was added to the control cultures at the

same concentration as in the experimentals(0.1%).

Flow Cytometry

The technique used for monitoring cell cycle bosition
wvas flow cytometry (FCM). FCM has been described in detail
elsevhere(35-37) and in these experiments a fluorescent DNA

probe was used to 1identify where individual cells were

located in the cell cycle. FCM "has many advantages over

3H-thymidine 1incorporation for measuring cell cycle parame-
ters(38, 39), but most importantly for - these étudies, FCM
measures the synchrony of a ‘population of cells moving

through the S phase.

Cells were stained with propidium 1o&ide .uSiﬁg the
teéhnique described by Crissman #nd Steinkamp(40). The DNA
content of th; stained cells was- analyzed using a flow
cytometer as described previously(35). Analysis of the
resulting histograms was carfied out uéing a program
developed by Pearlman, et al. (41), which is based on the
approach described by Fried, et al. (42) and allows for
ihteractive processing of data after transforming to log
space, allowing for variation 'in spacing between G1 and
62+M, and extraction of a representative G1 spread function
from samples having ,a low contribution due to cells in S.
In test cases witﬁ or without TPA, this data analysis tech-
- nique was within expetimehtal error of standard autoradiog-

vaphy techniques for eatimatihg the proportion of a



population in the S phase of the cell cycle.



- _ RESULTS

Effects on Growing Cells

NMQLi cl 8 cells have a normal doubling time of 15.0
_hts and an average zesidencg time in Gl of 3.§ hrs, S of 7.6
hrs, and G,#4 of 3.5 hrs(43). Figure 1 shovs that the
growth of MNMuLi cl 8 cells in médium containing 102 serum
vas not affected by‘TPA at 5 x 10°5%. The doubling ;imévand
saturation density of cultures is the same»with or without
TPA regardless of the serum cohcentration; however, at low
serum concentrations the saturation  density was slightly
reduced. Flov qycomettic analyses of the cell ;ycle-distri-
bution of cells treated with this concentration TPA show
pronounced perturbations in cell kinetics shortly after TPA
addition(?ié. 2). The TPA induced cell cycle redistribu-
tions are only temporary and occurred within the first dou-
biing time of the populatién. The effects seen with the

first addition of TPA were not prolonged when a second TPA

- addition was made either 4 or 24 hrs after the first addi-

tion. This observation 'suggests that the cells becone
refractory to IPA after the first a&dition. Reducing the
concentration of TPA caused a prdportional variation in the
magnitﬁde of the cell cycle redistributions, bﬁt did not

alter the type of perturbations seen(data not presented).

4

- The types of cell cycle redistributions caused by TPA
‘addition to actively growing NMuli cl 8 cells were quanti¥

fied as described above. Initially there was an increase in
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the proﬁortion qf the.pOpulation in GZ+M with a concomitant
' decrease in the fraction of the population in Gl(Fié. 3).
By 4 Bt.aftet adding TPA there vas a pronounced decrease in
_the fraction of the population in the beginning of S. This
depletion of.vs was .paralleled by an‘increase in G1 until
sbout 8 hr when a wave of cells began to move from Gl
through S. This wave of cells was more éynchronous than the
wntreated population. All of these perturbations were gone

by 24 hr after TPA treatment.

The eeli cycle redistributions described 1in Figﬁre 2
could result from any one or a combina;ion of the'followiﬁg
TPA induced cell cycle kinetic affects. TPA could induce a
_ stimulation of the rate of transit through S, a temporary
62+M block, or a temporary G1 blocke To  investigate the
effect of TPA on the rate Vof DNA synthesis, cells were
pilsed for 15";1n with 3H-Tdr at the time when the TPA
effect was expected‘to be maximal. The amount of incorpora- »

tion of 3H-Tdr per 10°

S phase cells was determined as a
‘measure of the rate of DNA synthesis. The data in Table 1
show that TPA did not stimulate DNA synthesis. In fact,
there was a slightly lower rate of DNA synthesis in the

presence of TPA when compared to the control.

TPA inhibition of the exit of cells from GZ+M is sug-
gested by the early increase in the proportion of cells in

that phase of the cell cyclé and the simultaneous decrease

in the G, fraction. The inhibition of exit from Go+M, how-
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ever, is not sufficient to explain the decrease in the pro-

-portion of the population in the ' beginning of S. The

-decrease in S began at or earlier than 2 hr after adding

TPA. As seen in Figure 2, the 2 hr point already shows a.

Teduction in the beginning of S when compared to the 0 hr

. poiat. These effects on S were .too early to be accounted

for by the block in Gz+u. The earliest a GZ+M block could

result in effects on Svis the‘length of Gl’ which for'these
cells is 3.9 hrs(43). Also, the possibility exists that the
increased proportion of the popuiation analyzed as<G2+M
ce;ls was éctually dQe to a TPA induce@ clumﬁing of G1 cells
as has~'beqn observed in other systems(Barthoiomew,'Fafson,-
and Bissell, unpublished obéervation). The reduction of the
fraction of cells in S must be due, in part, to a teduction

in the transit through Gl'

TPA Effects ggﬂserum Stimulated Cells

NMuLi cl 8 cells at their saturation density véte' dig-
tributed primarily in 61(43). Reseeding in fresh medium

vith fresh serum results in the stimulation of cells out of

'Gl into S with a lag characteristic of quiescent cells (44).

This system was used to study the effect of TPA on the .pro-
gress of cells through G- When TPA was added at the time
of serum stimulation, ce11§ entered S with about the same 12
hr lag as seen Jin the controls(Fig. 4). The movement
through S of the TPA treated cells, however, was more syn-

chronous than the control cells. By 14 hrs after serum
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stizulation and TPA addition most of the  stimulated 'ceils.-
,'ueté moving as a tight cohort thgough the end of S.. In the
controls, the 14 hr distribution was considerably more
spread out in S. Colchicine(0.02 ug/ml) addition at 1ovh:
after serum addition trapped the stimulated cells in
mitosis. The kinetics of buildup behind the colehicine
block revealed that T?A did not alter the numbetb.of cells
stimulated by serum(data not presented). When TPA was added
12 hr ;fter serum stimulation the efféct vas analogous ‘to
that seen when TPA wvas added to tandomly growing
populations(Fig. 2).' About 4 hr after addition of the conm-
pound the entranﬁe of cells 1into S from G1 was reduced.
Cells that were in S or in late G1 at the time of T?A addi-

tion continued through S and into GZ+M normally.

To determine whether TPA was aéting through§ut the G,
to S petiod;—tﬁe addition of TPA to serum stimulated cells
was delayed for different‘time periods. Figure 5 shows the
effects on cell cycle kinetics of adding TPA at 0, 2, and 4
hrs after serum stimulation. When TPA was added at times
ahdftly after serum stimulation, the entrance of cells into
S was delayed relativeAeithet to control cells or célls
.treated with TPA at 0 hr. The effect was cb increase the
synchrony of the population as the TPA was added at later
times after serum stimulation. If ‘the TPA addition was
delayed until 8 hrs after the.§erum stimulation, the effect
was to hold back some of the cells from entering S. Some

cells did progress into S with normal serum stimulation
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kivetics, but others were delayed approximately & hrs in
<»thlirlentfance into S(data not ptesentéd). These results
suggest that the TPA sensitive part of G1 1s‘not identical
- to the sérum dependent 90 to G, transition(45), and ’thatl
serun stimulated cells are still sensitive to TPA inhibition

of Gl transit until about 4 hr before the beginning of S.

TN




‘DISCUSSION

.

The TPA 1nduc§d ceil cyéle reﬁistribﬁtions tééorted‘
here are consistent with the model presented in Figure 6.
This nodel_étates that TPA 1ndﬁces a temporary halt to pro-
gression ‘thtouéh. G1 for both actively giowing celis or for
cells stimulated by serum. The TPA'induced-bloék(G;) is not
the same as the block to Cl ttansii seen withbmgdium
linitation(GA) because TPA 1is maximally active 1if ‘added
after serum stimulation has begun. There 1§ a point approx-
imately 4 hrs before the beginning of S when cells become
refractory to the TPA induced cell cy#ie delayr This point
probably corresponds to the begiqning of Gl- in actively
gtoving populations, and may separate A related "lag"

events from G1 events.

Vhether G; is a nptmai step in the progress of cells.
from G° to ‘; i3 not indicated by these experiments. TPA
does not appear to act on the coomitment step normaily
stimulated by serum since it does not affect the proportion

of the population stimulated by serum to enter S.

Modeling of the cell cycle effects of TPA ‘are made

- especially difficult by the observation that the cells are

béconing refractory to the TPA. The results of the readdi-
tion experiments suggest that TPA is not being metabolized;
however, the first addition of TPA could induce a highly

active metabolic system which quickly destroys the second

batch of TPA. Other physiological effects of TPA have also
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been shqun to become refractory to the TPA effects(46, 47).

Teaporary inhibition of DNA synthesis by TPA has beén
denonsﬁtated in several other cell culture systems(Zf—3l),
In most of these systems the inhibition is foiloved .bf a
stimulation of DNA synthesis as measured by 3H-thymidine
incorporation. The results reported here indicate that TPA
does not have # direct effect on DNA synthesis, but instead
temorarily 1nhibits'G1 cells from entering S. This tem-
porary inhibition results in a synchronization of G, cells
vhich when they ﬁove into S increase the amount of DNA" syn-

thesis occurring in the culture relative to the controls.

. The block to G, transit is not at the level of the G, to G,

conmitﬁent(44) since TPA does not alter the proportion of

the population moving through the cell cycle.

The relationship of these observations to tumor ‘promo-
tion 1s not» known. It 1is not likely that promoters are
altering the ability of carcinogens to initiate transforma-
tion since ?oiléy et al. (48) have demonsttat;d that TPA
added to hamster embryo cells at the same time as or before
3-methylcholanthrene inhibits the transformation efficiency.
Pionotion is more likely to result from the alteration of
events that occur after initiation. Possibly promoters
activate the so-called "persistent lesions" in DNA(49), or
stimulate the expression of repressed information as has
b;en recently demonstrated by'SOpranov and Baserga(50) for

mouse-human hybrids. The involvement of cell cycle syn-
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chronization in these events is being studied.

e
.
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Tapie 1. Errects oF TPA o DNA SYNTHETIC RaTes

SapLE - phoLes Tor/I5min/108 § ceLls

CwmoL . Bl

ACTIVELY GROWING CULTURES OF NMuLI cL 8 CELLS WERE
TREATED WITH 5 x 1070 M TPA AT O TIME. AFTER 2 HRs
THE CULTURES WERE PULSED FOR 15 MIN WITH SH-TDR

(20 C1/MMOLE), AT THE END OF THE PULSE THE CELLS
WERE HARVESTED AND FIXED. ALIQUOTS WERE TAKEN FOR
FCM ANALYSIS, CELL COUNTS, AND DETERMINATION OF
INCORPORATED -H-TDR. THE PROPORTION OF THE POPULA-
TION IN S WAS DETERMINED FROM THE DNA HISTOGRAM.



N FIGURE LEGENDS

. Figure 1. Growth of NMuLi c1 8 in Medium Containing
" TPA.

MMuli ¢l 8 was seeded in medium containing either 102
oeggm( ) or 0.52 serum( Y. After 24 hrs TPA(5 x
‘10 "M) was added to half the cultures at each serum concen-
tration. Methanol was added to the remaining .cultures(0.1X
final concentration) as a solvent control. Cells were har-
vested by trypsinization and counted. The TPA containing
cultures are represented by shaded symbols.

Figure 2. TPA Induced Cell Cycle Redistributions of
. Actively Growing Cells. A ‘

TPA(5 x10~%M) was added at time 0 and cells were har-
vested and analyzed as described in MATERIALS AND METHODS.

Figure 3. Quantification of TPA Induced Cell Cycle
Redistributions. : .

, The data from Figure 2 was analyzed as described in
MATERIALS AND METHODS. '

Figure 4. Addition of TPA to Serum Stimulated Cells.

MMuLi cl 8 cells were grown to their saturation density
in medium .containing 107 serum. The cells were stimulated
by transferring into fregg mediun and 202 serum. The TPA
concentration was 5 x 10 M. '

Figure 5. TPA Added at Various Times After Serum
Stimulation. ‘ .

TPA(S5 x 10°6H),vas added at the times indicated.
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~ Addition of TPA at Various Times after Serum Stimulation
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Delayed Addition of TPA to Serum Stimulated Cells
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Model for TPA Effects.
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