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Abstract 

•• 
We lulve been studying the effects of TPA on the 1DOVe

aeat of cells around the cell cycle. We monitored cell 

c,ele position by flov cytometry as vell as 3H-thymidine 

ll1Corporation into DNA. When TPA vas added to the culture 

aecUUIIl(S x 10-6K) of growing cells,. the first observed 

Change in cell cycle distribution vas a block in the move

.eDt of cells out of G1 into. the beginning of S. This 

effect vas seen by 2 hours after adding the. compound to the 

aediUlll.This early block in movement out of G1 eventually 

reaulted in a depletion of cells in S. The depleted S vas 

refilled with cells moving' from G1 beginning at 10 hours 

after TPA addition. This renewed movement of cells through 

5 vas partially .synchronous. When quiescent cells were 

stimulated by serum in the preselU:e of TPA, the kinetics of 

cell cycle movement depended on when relative to serum 

stimulation the TPA was added •. When TPA vas added at the 

time of serum stimulation the wave of cells moving from G1 

to 5 was' more synchronous than controls. There was no evi

deuce that more cells moved through the cycle in the pres

eace '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 TPA causes- an increase in syn

chrony of cycling cells by creating a temporary pause to 

cell cycling in G1e 
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DlDODUCTIOR 

• CarciDoseaesis is a aultistep proc ... ( 1-3). olD tbe 

.~ of chea1e&l carcinogenesis at least two steps bave been 

Ueod.fied. The first step, initiation, baa received con-

81.4erable attention andh .. been shown to involve chemicals 

that bind to DNA(4-6). These compounds inhibit DNA syn-

~besi. with an effectiveness that correlates with their car-

ciaogen1city(7). The second step in chemical carciaogeaesis 

that bas been identified is promotion. Promotion is caused 

'),y chemicals which by themselves are not carcinogenic, but 

When added to cells at the time of, .or after, initiation, 

areatly enhance tumorigeaesis(8-11). Promotion was first 

characterized using an ~~ mouse epidermis assay(8,10) 

aDd has siDce been observed in other tissues such as 

lLver(12), bladder(l3), and colon(l4). Recently, promotion 

... also been demonstrated in the t3B lOT 1/2 cell culture 

~ransformation system(IS, 16). 

'!be types of compounds that cause promotion are 

eztremely heterogeneous. Many promoters are gro~h fac-

~or.(9) which suggests that the mechanism of promotion 

iaYolves some aspect of the growth regulatory machinery. 

Other promoters are natural compounds extractible from vari-

oas plant sources. The most potent promoters known are the 

diesters of the tetracyclic diterpene phorbol. In this 

,roup. the most sctive promoter identified is 12-0-

tetradecanoyl-13-acetate (TPA) (17) • 



.-

~. effects of TPA 011 various aspects of cellular 

. 1doch-istry have been examined ( 18-20). Prominent among the 

effects observed is the stimulation of functions which' nor-

.al1, cOlTelate with preparation for the. O11set . of DNA 

.,.thes1s(21-26). Many.of the studies with promoters have 

CGDCerned their effect on DNA synthesis(9). However, the 

effects of TPA on DNA synthesis are complex. In general. 

the observations from many different cell systems are that 

TPA causes a temporary inhibition. of DNA synthesis followed 

b, • recovery to ·either control levels or higher(27-31). 

Perturbations of DNA synthesis in pop~$tions of cells ~ 

~ or ~ culture are complex phenomena that can only be 

.escribed completely after detailed cell cycle 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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M4TERIALS AND KETIIODS 

Cella .!!!! Culture Technigues 

'"!lIe c:ell.s used in this study were derived fraaa 

... 1.1 (32) mouse liver epithelial cells by the cloning tech-

at.- of Puck, ~.!!. (33). All cells were cultured in 

plastic dishes(Falcon, Oxnard, c.lif.) and incubated at 370 

tD • S% CO2 incubator. The medium used to grow the cells 

was EAgle's minimal medium(34; GIBCO, Grand Island, N. Y.) 

containing 10% donor calf serum(Flow Laboratories, Rock-

.,Ule, 1m) and 10 ug/ml insulin(Schwarz/Mann, Orangeburg, 'N. 

Y.). The cells were judged free of mycoplasma by incorpora-

doD of 3D-thymidine (3H-Tdr 20.1 Ci/mM; New England 

Wuclear, Boston, Mass.) into the nucleus of cells and not 

the cytoplasm. Stock culture were maintained by subcultur-
, ' 4 

iD& the cells twice weekly at a cell density of 1 x 10 per 

ca2• Cell counts were determined by using a Model ZBI 

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

. '!he cells were synchronized in G1 by allowing them to 

crow to saturation density. Cells were seeded at 5 x 105 

per 100 mm dish in medium ~ontaining 10% serum, and allowed 

to Irow for 4 days. At saturation density, they were dis-

tributed in the cell cycle with 69% in C1' 14% in S, and 17% 

in C2+K. 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 _200 as a 1.0 mg/ml 
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. 
8Olatioa. Methanol was added to the control cultures at the 

• ... e concentration as in the experimenta1s(O.l%). 

!!!!!! CItornetry 

The technique used for monitoring cell cycle position 

·vas ,flow cytometry (FCM). FCM has been descri~ed in detail 

elaewhere(35-37l and in these experiments a fluorescent DNA 

probe was used to identify where individual cells were 
I 

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

3D-thymidine incorporation for measuring cell cyc~e parame-

ters(38, 39), but most importantly for' these studies, FCM 

aeasures the synchrony of a population of cells moving 

through the S phase. 

Cells were stained with propidium iodide using the 

technique described by Crissman and Steinkamp(40). The DNA 

content of the stained cells was analyzed using a flow 

cytometer as described previously(35). Analysis of the 

resUlting histograms was carried out using a program 

developed by Pearlman,' ~ al. (~l), which is based on the 

approach desc ribed by Fried, ~ al. (42) and allows for 

interactive processing of data after transforming to log 

8pace,.allowing for variation in spacing between Gl and 

G2+M. and extraction of a represen~ative Gl spread function 

from samples having,a low cOntribution due to cells in S. 

In test cases with or without TPA, this data analysis tech-

uique was within experimental error of standard autoradiog-

raphy techniques for estimating the proportion of a 
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JOpulation in the S phase of the cell cycle • 

• I 

--
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.. 1lESULTS 

I. 

Effects ~ Growing Cells 

RKuLi cl 8 cells have a normal doubling time of 15.0 

hrs and an average residence time in G1 of 3.9 hrs. 5 of 7.6 

hrs, and G2+M of 3.5 hrs(43). Figure 1 shows that the 

growth of NMuLi cl 8 cells in medium containing 10% serum 

vas Dot affected by TP~ at 5 x 10-~. The doubling time and 

saturation density of cultures is the same with or without 

TPA regardless of the serum concentration; however, at low 

serum concentrations the saturation. density was slightly 

reduced. Flow cytometric analyses of the cell cycledistri-

bution of cells treated with this concentration TPA show 

pronounced perturbations in cell kinetics shortly after TPA 

addition(Fig. 2). The TPA induced cell cycle redistribu-

tions are only. temporary and occurred within the first dou-

bling time of the population. 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 become 

refractory to TPA after the first addition. Reducing the 

concentration of TPA caused a proportional variation in the 

magnitude of the cell cycle redistributions, but did not 

alt~r the type of perturbations seen(data not presented). 

The types of cell cycle redistributionsc8.used 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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tt. proportion of the population in G2+M with a coneomitant 

~ .. ae i~ the fraction of the population in Gl(Fig. 3) • 

.., 4 hr after addingTPA there was a pronounced decrease in 

Cbe fraction of the population in the beginning" of S. This 

4epletion of S was paralleled by an increase in Gl until 

about 8 hr when a wave of cells began to move from G 1 

tbrough S. This wave of cells was more synchronous than the 

.atreated population. All of these perturbations were gone 

., 24 hr after TPA treatment. 

The cell cycle redistributions described in Figure 2 

could result from anyone or a combination of the following 

%PA induced cell cycle kinetic affects. TPA could induce a 

.timulation of the rate of transit through S, a temporary 

C2+M block, or a temporary G1 

effect of TPA on the rate 

block. To investigate the 

of DNA synthesis, cells were 

pulsed for 15 min with 3H-Tdr at the time when the TPA 

effect-was expected to be maximal. The amount of incorpora-

~toD of 3H-Tdr per 106 S phase cells was determined as a 

.easure of the rate of DNA synthesis. The data in ~able 1 

.bow 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 G2+M is sug

,uted by the eariy increase in the proportion of cells in 

that phase of the cell cycle and the simultaneous decrease 

iD the G1 fraction. The inhibition of exit from G2+M, how-
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.... r. iallOt sufficient to explain the decrease in the pr~ 

. portion of the population in the' beginning ofS. The 

,d.crease in S began at or earlier than 2hr after adding 

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

reduction in the beginning of S when compared to t~e 0 hr 

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

for by the block in G2+M. The earliest a G2+M block could 

result in effects on S is the length of Gl , which for these 

cells is 3.9 hrs(43). Also, the possibility exists that the 

increased proportion of the population analyzed as· G2+M 

cells was actually due to a TPA induce~ clumping of GI cells 

aa has- been observed in other systems (Bartholomew, Farson, 

aDd Bissell, unpublished observation). The reduction of the 

fraction of cells in S must be due, in part, to a reduction 

III the transit through Gl • 

~ Effects ~ Serum Stimulated Cells 

BHULi cl 8 cells at their saturation density are dis

tributed primarily in Gl (43). Reseeding in fresh medium 

with fresh serum results in the stimulation of cells' out of 

G1 into S with a lag characteristic·of quiescent cells (44). 

This system was used to study the effect of TPA on the pro

aress of cells through GI • When TPA was added at the time 

of serum stimulation, cells entered S with about the same 12 

hr lag as seen ~n 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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.tfwnlation and TPA addition most of the stimulated cells 

were lUJViag as a tight cohort through the end of S. In the 

coatrols. the 14 hr distribution vas considerably more 

.pread out iu S. Colchici~e(0.02 ug/mI) addition at 10 hr 

after serum addition trapped the stimulated cells in 

ulOsis. The kinetics of buildup behind the colc~icine 

block revealed that TPA did not alter the number of cells 

stimulated by setum(data not presented). When TPA was added 

12 hr after serum stimulation the effect vas analogous to 

that seen when TPA vas added to randomly groWing 

populations(Fig. 2). About 4 hr after addition of the COD-

pound the entrance of cells into S from G1 was reduced. 

Cells that were in S or iu late G1 at the time of TPA addi

tion continued through S and into G2+M normally. 

To determine whether TPA vas acting throughout the Go 

-
to 5 period, the addition of TPA to serum stimulated cells 

vas 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 

shortly after serum stimulation, the entrance of cells into 

5 vas delayed relative either to control cells or cells 

treated with TPA at 0 hr. The effect' was to 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 hra after the serum stimulation, the effect 

vas to hold back some of the cells from entering S. Some 

cells did progress into S with normal serum stimulation 

- I 
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klaetlc.~ but others vere delayed approximately 4 hrs in 

dIatr etlttance into S(data DOt presented). These results 

... seat that the TPA sensitive part of Gl is not identical 

. eo the serum dependent GO to G1 transition(4S). and 'that 

aenaa stimulated cells are still sensitive to TPA inhibition 

.f G1 transit until about 4 hr before the beginning of S • 
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ltISCUSSION 

%be TPA induced cell cycle redistributions reported 

.... are consistent with the mOdel presented in Figure 6. 

'IIa1.a model sutes that TPA induces a temporary bait to pro-

aression through. G1 for both actively growing cells or for 

cella stimulated by serum • 
, 

The TPA inducedblock(G ) is not o 

the .ame as the block to G1 transit seen with medium 

1ia1ution(G~) because TPA is maximally active if added 

after serum stimulation has begun. There is a point approx-

iaately 4 hrs before the beginning of S when cells become 

refractory to the TPA induced cell cycle delay. This point 

probably corresponds to the beginning of G1 in actively 

,roving populations, 

.. ents from G1 events. 

, 

and may separate G related "lag" o 

Whether Go is a normal step in the progress of cells 

from G to S is not indicated by these experiments. TPA o .0.. Dot appear to act on the commitment step normally 

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 

espeeially difficult by the observation that the cells are 

becoming refractory to the TPA. The results of the readdi-

tion experiments suggest that TPAis 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 phys101og1caleffects of TPA have also 

... •.. ---- _.- ._ .•. :.=J 
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.eea abovn to become refractory to the TPA effects(46, 47) • 

• 
T_pc;rary inhibition of DNA synthesis by TPA has been 

clemonstrated in several other cell culture systems(27-31). 

In .ost of these systems the inhibition is followed by a 

atimulation of DNA synthesis as measured by 3H-thymidine 

iDcorporation.Theresults reported here indicate thatTPA 

does not have a direct effect on DNA synthesis, but instead 

temorarily inhibits GI cells from entering S. This tem-

porary inhibition results in a synchronization of GI cells 

which when they move into S increase the amount of DNA syn

thesis 'occurring in the culture relative to .the controls • 

. The ~lock to GI transit is not at the level of the Go "to- GI 

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

tbepopulation moving through the cell cycle. 

The relationship of these observations to tu~or promo-

tion is not known. It is not likely that promoters are 

altering the ability of carcinogens to initiate transforma-

tion since Poiley .!!. ale (48) have demonstrated that TPA 

added to hamster embryo cells at the same time as or" before 

3-methylcholanthrene inhibits the transformation efficiency. 

Promotion 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 

atimulate the expl'ession of repressed information as has 

been recently demonstrated by Soprano and Baserga(50) for 

mouse-human hybrids. The involvement of cell cycle syn-
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cIaroa1utioo io these events is being studied • 

• 
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CoNTROL i31 

-TPA 99 

ACTIVELY GRO\'II"NG CULTURES" OF NMuLI cL 8 CELLS WERE 

TREATED ~nTH 5 x iO~6 M TPA AT 0 TIME. " AFTER 2 HRS 

THE cULTURES WERE pULSED FOR 15 f.1IN W"I~H 3H-TDR 

(20 ci/M~;oLE)". AT THE" END" -oF THE PULSE THE CELLS 
.. . .... -". - . _."... ... .... . ... /. 

WERE HARVESTED AND FIXED. ALIQUOTS WERE TAKEN FOR 

FCM ANALYSIS~" CELL couNTs-,," AND DETERMINATION OF 

INCORPORATED 3H-TDR" THE PR"oPoRTI"C)N OF THE POPULA-
. ... .. .. " - . . -- .. . ... .. .. . . . . ~ . . . "'-

TION IN S WAS DETERMINED FROM THE DNA HISTOGRAM. 



• • 

• • 

- 19 -

FIGURE LEGENDS 

Figure 1. Growth of NMuLi cl 8 in Medium Containing 
TPA • 

mtuLi cl 8 was seeded in medium containing either 10% 
.e!~( ) or 0.5% serum( ). After 24 hrs TPA(5 x 
10 H) was added to half the cultures at each serum concen
tration. Methanol was added to the remaining.cultures(O.I% 
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. 

TPA(5 x'10-~) was added at time 0 and cells were har
ve~ted 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. 

NMuLi cl 8 cells were grown to their saturation. density 
In medium containing 10% serum. The cells were stimulated 
by transferring into fre!g medium and 20% serum. The TPA 
concentration was 5 x 10 H. 

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

TPA(S x 10-~'{)' was added at the times indicated. ' 
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·ftgiare 6. Model for TPA Effects During G
1
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