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ABSTRACT

The phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA; also

called phorbol myristate acetate) and epidermal growth factor both
rapidly inhibit the transition of HeLa cells from <... phase to mitosis in a
reversible fashion with characteristics of a receptor-mediated response.

It was proposed that an intracellular mediator was responsible for this
inhibition. In searching for a common mediator elicited by the action of
both ligands, the time course of generation of phospholipid metabolites
was compared with the cell cycle response of the G2 cohort monitored by
time lapse analysis. The time course and the degree of mobilization of
diacylglycerols (DC) effected by TPA and by epidermal growth factor
and that of phosphatidic acid correlated to a great extent with the onset
and the duration of the <..>inhibition caused by both agonists. Further

evidence for the proposed role of DCs and/or phosphatidic acid was
obtained by the observation that membrane-penetrating 1.2-1 H r inhibited

HeLa cells in G2 phase directly. The concentration of DG required
correlated with that elicited by TPA or epidermal growth factor mela-
Imik al h. This cellular response to 1,2-DG was also seen in cells after
down-regulation of protein kinase C using TPA. The data indicate that

cellular DG and/or phosphatidic acid may contribute to a restriction of
cells in <. phase possibly by changing membrane properties.

INTRODUCTION

Growth control in tissues of higher organisms is primarily
characterized by restriction of cell multiplication. In several
tissues a certain portion of cells may "rest" physiologically in

the G2 phase of the cell cycle (for review see Ref. l). For
instance, in mouse epidermis immediately after wounding a
portion of cells enters division starting from G2 phase. Under
normal conditions, the transition of these cells from G2 to
mitosis is inhibited. These data indicate that such cells are able
while in G2 phase to monitor inhibitory and/or stimulatory
signals from their environment; however, the signals and the
mechanism of such extracellular control of mitosis are un
known. So-called chalones, proposed tissue-specific inhibitors
of growth, are thought to be partly responsible for the restriction
of cells. Gj chalones are only partly characterized and the
mechanism of action is unknown (2).

Nonphysiological means by which cells can be inhibited in
G2 comprise among others X-rays and DNA cross-linking
agents (3-8). In both cases DNA damage is thought to be
responsible for the inhibition in G2 phase. In addition, the cell
cycle traverse is delayed by inhibitors of protein synthesis in G2
(for review see Ref. 9). The study of these nonphysiological
influences in G2 has thus far done little to contribute to our
understanding of how cells are prevented in their transition
from G2 to mitosis in normal tissues.

On the basis of our studies on the action of phorbol ester

Received 10/15/90; accepted 6/10/91.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1Work supported by the Deutsche Forschungsgemeinschaft.
2To whom requests for reprints should be addressed.

tumor promoters in the cell cycle of replicating cells (10) we
observed a transient inhibition of the progression from G2 to
mitosis in HeLa cells induced by phorbol esters which carries
the characteristics of a receptor-mediated response (11). The
results led us to suppose that physiological factors such as
EGF3 which elicit certain comparable metabolites should induce
a transient inhibition of the G2-M transition like that of phorbol
esters. This indeed was shown for EGF (12). In order to
approach the transduction mechanism the attention was thus
focused on biologically active metabolites of phospholipids
known to be elicited by EGF and by phorbol esters. The
metabolic responses of the cell population were compared with
the cell cycle response monitored by time lapse analysis in
single cells. The data seem to indicate that DGs and/or PA
appearing in HeLa cells on interaction with EGF as well as
TPA are good candidates for such mediators of the inhibition
of the G2-M transition. The study of the mediator(s) involved
may contribute to our understanding of the physiological re
striction in G2-phase of cells within tissues and may allow one
to search in the future for possible links between an extracellular
control of mitosis characterized here and the intracellular con
trol system represented by mitosis/maturation-promoting fac
tor and its control network.

MATERIALS AND METHODS

Materials

The phorbol ester TPA was a generous gift from Professor Dr. E.
Hecker (German Cancer Research Center); RPA was provided by Dr.
B. Sorg (German Cancer Research Center); both compounds were kept
in acetone as a 5 x 10~" M stock solution at -70Â°C in the dark. EGF

was purchased from Boehringer Mannheim, GmbH, Federal Republic
of Germany.

[l-'4C]Arachidonic acid (2.2 MBq/Mmol), [7-12P]ATP (-110 TBq/
mmol), l-[l-'4C]palmitoyl-3-lysophosphatidylcholine (2.16 MBq/
^mol), myo[2-3H]inositol with PT6-271 (370 GBq/mmol), and mono

clonal antibody against protein kinase C were obtained from Amersham
Buchler, Braunschweig, Federal Republic of Germany; the DGs, phos
pholipids, arachidonic acid, and histone type HI from calf thymus were
purchased from Sigma, Munich, Federal Republic of Germany, and
BSA (electrophoretically pure) was from Biomol, Ilvesheim, Federal
Republic of Germany.

Analysis of the Transition from G2 to Mitosis by Time Lapse
Photography

HeLa cells were cultivated routinely as monolayers in Eagle's mini
mal essential medium containing Earle's salts supplemented with 10%

calf serum as described earlier (11).
For details of analysis of the G2 delay by time lapse photography see

Ref. 12. Briefly, HeLa cultures were established in plastic flasks (2 x

3The abbreviations used are: EGF, epidermal growth factor; DG, diacylglyc-
erol; PA, phosphatidic acid; RPA, 12-O-retinoylphorbol-U-acetate; TPA, 12-O-
tetradecanoylphorbol-13-acetate; BSA, bovine serum albumin; MEM, minimal
essential medium; TLC, thin-layer chromatography.
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IO4 cells/cm2) 1 to 2 days prior to the addition of phorbol esters or

EGF or DCs, respectively. After addition of EGF (for control, phos
phate-buffered saline) or phorbol ester (for control, 0.2% acetone) the
flasks were closed tightly and placed on an inverted phase contrast
microscope at 37Â°C.Recording started immediately. One picture was

taken from the same field every 10 min for several h. Analysis from
enlarged prints was carried out for each individual cell division during
the time course of an experiment. The start of mitosis was defined
"retrospectively" as the point when the cell started to contract ("pro-
phase") and the end as the point when visible separation of daughter

cells was seen. The following parameters were determined: cumulative
number of cells entering prophase, G2-M transition rate (per 10 min),
average G2-M transition rates (for defined periods), G2 delay time. The
cell cycle response to both ligands and the different concentrations was
analyzed in duplicate.

Determination of Phospholipid Metabolites

Qualitative Determination of DG and PA. For radioactive prelabeling
of phospholipids 9 x 10* cells or 5 x 10* cells were transferred into

plastic Petri dishes (Falcon; 3.5 cm diameter). Seventeen h later in the
case of phorbol esters and 42 h later in the case of EGF the culture
medium was replaced by 1.5 ml fresh medium containing 11.1 kBq [1-
14C]arachidonic acid (7.4 kBq/ml) for 5 h. In the case of
l-[l-'4C]-)palmitoyl-3-lysophosphatidylcholine, cells were prelabeled

with 7.4 kBq/ml for 24 h. Then the medium was replaced by MEM
containing 0.5% BSA. After 2 h of equilibration EGF, phorbol ester,
or the corresponding solvent was added to the cultures. At the indicated
time points the reaction was stopped by removing the medium and
adding 1.5 ml ice cold methanol to the cells. Cells were scraped off and
transferred into conical glass vials. The extraction of lipids was per
formed with 2 ml 0.2 M KC1and chloroform:methanol (2:1) as described
(13).

Separation of neutral lipids was performed by thin-layer chromatog-
raphy on silica gel G60 plates developed in the solvent system consisting
of benzol:chloroform:methanol (80:15:5, v/v) (13) using 1,2- and 1,3-
dioleoylglycerols as references. Radioactivity was measured with a
Linear Analyzer (Berthold, Wildbad, Federal Republic of Germany).
Because of isomerization of 1,2-DG to 1,3-DG during the separation,
the counts of both DG peaks were combined. PA was separated on
TLC plates in a one-dimensional solvent system using the upper phase
of isooctane:watenethyl acetate:acetic acid (20:100:130:30, v/v).

Measurement of Absolute Amounts of DCs by Chamng-Densitometry
Technique. This was performed as described by Baron and Coburn (14)
and Takuwa et al. (15, 16). In these experiments 2.3 x IO6or 1.6 x IO6
cells were plated in 5-cm plastic Petri dishes, and 24 or 48 h later the
culture medium was replaced by 5 ml MEM (without phenol red)
containing 0.5% BSA; after 2 h of equilibration phorbol ester or EGF
was added, respectively. The reaction was stopped at the indicated time
points. Extraction of cells and separation of DGs were performed as
described above. For analysis of the phospholipid composition of HeLa
cells, separation of lipid extracts was performed by developing TLC
plates in a solvent system consisting of chloroform:methanol:acetic
acid:water (65:45:3:1, v/v).

A standard curve was obtained in each experiment by 1,2- and 1,3-
dioleoylglycerols or various phospholipids (-y-stearoyl-ÃŸ-arachidonyl-L-
a-phosphatidylcholine, phosphatidylinositol from bovine liver, phos-
phatidylethanolamine from soybean, phosphatidylserine from bovine
brain) in a linear range (0.75-3 /ig) chromatographed on the same
plates. After separation of the lipids the TLC plates were dried at 100Â°C

for 30 min, sprayed with 10% (w/v) CuSO4 in 8% (v/v) H3PO4 solution,
and charred at 170Â°C,until the spots of the standards became visible

(approximately 15 min). The density of each spot comigrating with
these standards was measured at 450 nm with a chromatogram-spec-
trophotometer equipped with an integrator (Zeiss, Oberkochen, Federal
Republic of Germany).

Arachidonic Acid Release. Release was measured as described ( 13).
Briefly, 1 ml of the removed medium was extracted 3 times with 2 ml
of ethyl acetate. After vacuum evaporation of the combined organic
phases the residue was chromatographed on Silica Gel G60 plates with

a concentrating zone (Merck, Darmstadt, Federal Republic of Ger
many) using arachidonic acid as reference substance and the upper
phase of isooctane:water:ethyl acetate:acetic acid (50:100:110:20, v/v)
as solvent system (17).

Quantitative Determination of PA. Cells were cultivated and extracted
as described above. Separation of PA was performed by two-dimen
sional thin-layer chromatography with chloroform:methanol:25% am
monia (65:35:5, v/v) in the first dimension and chloro-
form:acetone:methanol:acetic acid:water (50:20:10:10:5, v/v) in the sec
ond dimension. As standard /3-arachidonyl-7-stearoyl-L-a-PA (Sigma,
Munich, Federal Republic of Germany) was used. The plates were air-
dried for 30 min, stained with Coomassie Brilliant Blue R250 (Serva,
Heidelberg, Federal Republic of Germany; 0.03% in 30% methanol,
100 mM NaCl) for 30 min, and destained for 5 min in 30% methanol-
100 mM NaCl (18, 19). The plates were air-dried and the density of the
PA spots was measured by reflection densitometry at 633 nm.

Analysis of Inositol Phosphates. HeLa cells (5 x IO5)were plated in
3.5-cm plastic Petri dishes and after 17 h the cells were prelabeled with
myo[2-3H]inositol (74 kBq/ml) for 24 h. Then the medium was replaced

by MEM containing 0.5% BSA and 10 mM LiCl (in order to prevent
inositol phosphate breakdown). After 2 h EGF, phorbol ester, or solvent
was added for various periods. The reaction was stopped by removing
the medium and adding 1 ml ice cold 10% trichloroacetic acid. The
cells were scraped off, transferred into vials, and kept on ice for 20
min. After centrifugation the supernatants containing the inositol phos
phates were extracted 5 times with 2 ml water-saturated diethyl ether
to remove trichloroacetic acid. The samples were neutralized with l M
KHCOj (approximately 30 Â¿il)to pH 7.5, diluted with 4 ml water, and
separated on Sax-100 mg Amprep minicolumns in combination with a
vacuum manifold system from Amersham-Buchler (Braunschweig, Fed
eral Republic of Germany). Inositol phosphates were eluted together
using 0.25 M KHCO3.

Radioactivity was measured in a liquid scintillation counter. (For all
procedures siliconized glassware was used.) Each type of biochemical
experiment presented has been carried out at least 3 times with essen
tially similar results.

Determination of Protein Kinase C

The measurement of protein kinase C activity in HeLa cell lysate
was performed essentially according to the method of Gschwendt et al.
(20). The demonstration of protein kinase C protein in total cell lysates
was done after separation with sodium dodecyl sulfate-gel electropho-
resis and blotting to Immobilem membrane (Millipore) and by the use
of a monoclonal antibody via a sheep anti-mouse antibody coupled to
peroxidase (Boehringer Mannheim GmbH). Authentic protein kinase
C isolated from rat brain was used as a standard (a kind gift of Dr. W.
Pyerin, German Cancer Research Center).

RESULTS

Inhibition of the G2-M Transition Induced by Phorbol Ester
TPA and by EGF. The transition of HeLa cells from G2 to
mitosis was monitored by time lapse analysis over several h. As
shown in Fig. 1, within 20 to 30 min the cultures treated with
phorbol ester TPA, 10~7 M (or RPA; see Ref. 11) stopped

entering prophase for almost 4 h; i.e., the transition from G2 to
mitosis was temporarily inhibited. After that period cells re
covered from inhibition. Since HeLa cells have been shown
earlier not to metabolize TPA within this time frame to any
great extent (21), recovery from inhibition occurs in the pres
ence of the phorbol ester. If an intracellular mediator were
responsible for the inhibition, it should be built to a sufficient
concentration within 20 to 30 min.

Epidermal growth factor (10~8 M) induced in HeLa cells a

transient inhibition in G2 for approximately 60 min as shown
in Fig. 1. The onset of the inhibition occurred more rapidly
than in the case of TPA and cells recovered from G2 inhibition
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in a parasynchronous fashion. An extensive characterization of
the EGF-induced G2 delay in various EGF receptor-carrying
cells including HeLa cells has been given elsewhere (12). In the
case of EGF, therefore, an intracellular mediator should be
built up more rapidly than in case of TPA.

Phospholipid Metabolites Elicited by Phorbol Ester TPA:
Correlation with TPA-induced Inhibition of the G2-M Transition.
TPA-induced activation of phospholipase A2 is most probably
not involved in the TPA-effected inhibition of HeLa cells in G2
(22). Attention was focused in this work to DG and PA as
possible products of phospholipases C and D, respectively,
enzymes known to be activated by TPA (23-26). For this
purpose the mobilization of these metabolites was studied qual
itatively by the use of radioactive precursors as well as quanti
tatively by means of mass determination. Precursor usage is
suitable for information on product source and to follow initial
changes of product formation (measurements for extended pe
riods may be limited by pool sizes of labeled substrates). Quan
titative determinations may help to explain physiological con
sequences of metabolic changes. A large increase in the concen
tration of a metabolite may argue for its direct physical effect
whereas smaller shifts could possibly indicate second messenger
functions.

Arachidonate-labeled DG became mobilized by TPA (10~7

M) as evident and with a peak at 20 min (Fig. 2A) and it reached
control values by 4 h (not shown). Cells labeled in the phospha-
tidylcholine moiety yielded on treatment with TPA (10~7 M) a

peak at 10 min (Fig. IB), thus indicating that some of the DG
was derived from phosphatidylcholine. These results agree in
principle with TPA-induced DG formation derived from phos
phatidylcholine reported by others (23, 24). Comparable char
acteristics were exhibited by the results on the mobilization of
PA. Arachidonate-labeled PA deviated from the control and
showed a peak at 20 min (Fig. 2C) whereas PA derived from
phosphatidylcholine deviated from the control already by 10
min (Fig. 2D). Moreover, it increased up to 30 min. Treatment
with TPA of HeLa cells prelabeled with radioactive myoinositol
did not yield an increase of inositol phosphates, thus indicating
that phosphatidylinositol was not the source of DG. Similar
observations have been made in other cellular systems treated
with TPA (16, 27).

Mass determinations of DG and of PA content of HeLa cells
after treatment with TPA (10~7 M) are shown in Fig. 3, A and

B, respectively. Within 20 min the level of DG increased
approximately 1.5-fold but decreased subsequently and reached
a level of 1.1-fold over the control by 4 h, i.e., the end of the
G2 inhibition (see Ref. 11). The level of PA increased also
within 20 min but to a larger degree (5-6-fold) than in case of
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Fig. 2. Effect of TPA on the formation of DG (A, B) and PA (C, D) in
radioactively labeled HeLa cells. For A and C. HeLa cells were cultivated for 17
h and then prelabeled for 5 h with [l-'^CJarachidonic acid. For B and D, HeLa
cells were cultivated for 17 h and then prelabeled for 24 h with 1-[1-MC]palmitoyl-
3-lysophosphatidylcholine. After medium change with MEM plus 0.5% bovine
serum albumin the cells were treated with 10~' M TPA (â€¢)or 0.2% acetone (D)

for the periods indicated. Extraction of cellular lipids and analysis of DG and PA
were performed as described in "Materials and Methods." Each value represents

the mean of 3 cultures; bars, SD.

TIME (min)

Fig. 3. Quantitative analysis of DG (A) and PA (B) formation in TPA-treated
HeLa cells. HeLa cells cultivated for 24 h received a medium change with MEM
(without phenol red) plus 0.5% bovine serum albumin and were treated with 10~7

M TPA (â€¢)or acetone (0.2%) P) for the periods indicated. The analysis of DG
(A) was performed by charring densitometry and that of PA (B) by Coomassie
Blue staining as described in "Materials and Methods." Each value represents the

mean of two experiments with similar results.
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Fig. 1. Influence of TPA and EGF in the G2-M transition of HeLa cells. HeLa
cells were cultivated for 17 or 42 h and incubated with TPA 10~7M (â€¢)or EGF
IO"8(â€¢)at zero time. The number of cells entering prophase at each 10-min time

interval (= actual G2-M transition rate) was analyzed by time lapse photography.

DG and the level was still elevated by 4 h, i.e., at a time when
the culture started to overcome G2 inhibition. The maximum
amounts (over control values) of DG and of PA mobilized in
HeLa cells by 10~7M TPA were approximately 0.3 and 0.2 Â¿Â¿g,
respectively, per IO6cells.

The experiments give no information on the extent to which
particular pathways contribute to the level of DG and PA. With
respect to the latter, however, precursor studies have shown
that TPA-treated HeLa cells in the presence of primary alcohol,
in agreement with published data, generated phosphatidyl al
cohol (25, 26)4 thus indicating that activation of phospholipase

D contributes to the observed mobilization of PA by TPA.
The time required for the mobilization of DG and PA agrees

4 M. Kaszkin and V. Kinzel. unpublished data.
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Fig. 4. Comparison of dose-response rela
tionships of DC (A) and of PA (B) formation
with that of the G2 delay (C). effected by
different concentrations of TPA. For details
see legend to Fig. 3. Determination of DG and
PA formation was performed 20 min after
addition of the compound. The G2 delay was
analyzed as described in Ref. 11. Each value in
A and B represents the mean of 3 cultures
(bars), SD); duplicate determinations in C.
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with the time required to fully express the G2 inhibition (Figs.
1 and 3/1). (Interpretation of the biochemical data with respect
to the biological meaning is restricted by the limited resolution
of the G2 analysis.) The degree of the initial level increase of
PA, however, is larger than that of DG. Nevertheless, dose-
response relationships of both metabolites measured at the
maximum agree with that determined for the G2 delay (Fig. 4).
At concentrations less than 10~8M TPA caused some inhibition

of the G2-M transition detectable, however, a clearcut deter
mination of the delay time was not possible for reasons dis
cussed elsewhere (11). With respect to the duration of mobili
zation that of DG seems to agree better with the G2 inhibition
than that of PA, a criterion which, however, may not be so
important (the cells may have mechanisms to redistribute me
tabolites to compartments which are less significant for the
control of entrance into mitosis). More important may be the
degree of the initial level change.

Phospholipid Metabolites Elicited by EGF: Correlation with
EGF-induced Inhibition of the G2-M Transition. If an increase
of the DG and/or PA content were responsible for the transient
inhibition in G2 by TPA, it should be possible to obtain a
similar correlation with EGF. As in the case of TPA the
mobilization by EGF of DG and of PA was studied by precursor
experiments as well as by mass determination. DG labeled with
arachidonic acid became mobilized by EGF treatment (10~8 M)

with a maximum at 5-10 min as shown in Fig. 5A. In line with
the known activation by EGF of a phosphatidylinositol-specific
phospholipase C, the increase of the second product inositol
phosphates was detectable in cells prelabeled with radioactive
myoinositol; TPA was ineffective in this respect (data not
shown). Arachidonate-labeled PA was increased with a maxi
mum at 3-5 min (Fig. 55) but returned to control values by 10
min. Studies with radioactive precursors have in addition shown
that EGF-treated HeLa cells in the presence of a primary
alcohol generate phosphatidyl alcohol,5 thus demonstrating

that EGF in addition to activation of phospholipase C causes
in HeLa cells the activation of phospholipase D. The precursor
experiments, however, do not allow estimation of the extent to
which different pathways contribute to the metabolite levels,
the only determinant for their biological activity.

Mass determination of DG and of PA in HeLa cells treated
with EGF (10~8 M) are shown in Fig. 5, C and Z>,respectively.

The level of DG increases with a peak at 30 min approximately
1.5-fold and tends towards the control by 60 min; the level of
PA increases with a peak at 5 min of approximately 3-fold and
reaches the control level by approximately 60 min. The onset
and time course of mobilization of DG and of PA correlate
with the time course of the induction of the G2 delay. The
degree of DG mobilization by EGF is similar to that induced

by TPA. It is increased at 10 8 M EGF by approximately 0.2

cells. The total amount of PA on treatment with EGF
(10~8 M) was approximately 1.5 Mg/IO6 cells at 5 min, i.e., in

the same order as that of DG. Dose-response relationships
regarding the DG and PA mobilization are compared with that
of the EGF-effected G2 inhibition in Fig. 6 (a comparable dose
response relation was obtained by measuring accumulation of
inositol phosphates; data not shown). It is evident that the
maximum mobilization of both metabolites correlates with the
G2 inhibition induced by a particular EGF concentration.

Phorbol ester TPA and EGF elicit an increase in DGs and
PA. Both metabolites had to be considered as candidates for
the proposed class of metabolites mediating G2 inhibition.
Among DGs membrane penetrating members are known (28)
which may yield further information.

Membrane Penetrating DGs Inhibit the G2-M Transition. The
biochemical measurements were carried out with cells engaged
in all phases of the cell cycle. In order to analyze the cell cycle

10 20 30 40 50

TIME (min)

20 30 40 50

TIME (min)

5 M. Kaszkin and V. Kinzel, submitted for publication.

Fig. 5. Qualitative (A, B) and quantitative (C, D) analysis of the EGF-induced
formation of DG (A, C) and PA (B, D) in HeLa cells. A, B, HeLa cells were
cultivated for 42 h and prelabeled for 5 h with [l-'4C]arachidonic acid. After

medium change with MEM plus 0.5% bovine serum albumin and 2 h of equili
bration the cells were treated with 10~8M EGF (â€¢)or phosphate-buffered saline

as control solvent (0.2%, O) for various times. DG (A) and PA (B) were extracted
from cellular lipids and analyzed as described in "Materials and Methods." C and

D, HeLa cells cultivated for 48 h received a medium change and were treated
with 10~* M EGF (â€¢)or phosphate-buffered saline (O). Quantitative analysis of

DG (C) and PA (D) was performed as described in legend to Fig. 3 and in
"Materials and Methods."
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Fig. 6. Comparison of dose-response rela
tionships of DG (A) and of PA (B) formation
with that of the G2 delay (C) effected by EGF.
Ik-la cells were cultivated for 48 h and treated
with different concentrations of EGF. Five min
after addition of EGF the analysis of DG (A)
was performed by charring densitometry, that
of PA (B) by Coomassie Blue staining. The G2
delay (C) was determined as described in Ref.
12.
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Table 1 Responses ofHeLa cells to exogenous diacylglycerols

Addition
(concentration)l-Oleoyl-2-acetyl-rar-glycerol

(1(T4 M)

1,2-Dioctanoyl-rar-glycerol (I0~4 M)

1,2-Dihexanoyl-jn-glycerol (10~4 M)

Acetone (0.2%)G2

delay"

(min)35

25
30
35
30
35Transition

point*

(min)<20

<10
<10
<10
<10
<10Av.

G2-MPeriod

I
(0-40min)1.5

3.7
1.82.0

3.4
2.3
6.1
6.9transition

rates'Period

II
(50-90min)6.1

9.511.3

7.8
10.5
9.3
5.9

10.4Change

of transition
rate between

Period I and PeriodII4.1X

2.6X
6.3x
3.9x
3.1X
4.0X
l.Ox
1.5X

Â°Determined from plots of the relative cell accumulation versus time: G2 delay was determined from the intercept between zero time and the intersection of the

abscissa with the regression line drawn through the values after recovery from inhibition.
* Time elapsing between addition of the compound and reaching a G2-M transition rate (per 10 min) which was no larger than one cell entering prophase per 10

min during a 20-min period.
' Average G2-M transition rates were calculated for the periods indicated for 10' cells/10 min.

response of the G2 cohort to an increase of intracellular DG
directly, HeLa cells were treated with a variety of DCs and
analyzed by time lapse photography. Each experiment was
performed twice. Only those compounds and concentrations
have been considered to be effective which caused in both
experiments an initial inhibition of the average G2-M transition
rate to such an extent that it increased upon recovery by more
than 2 times. The average G2-M transition rates (for 10"' cells/

10 min) were calculated for two subsequent periods (from 0 to
40 min and from 50 to 90 min, i.e., from 5 values each).

The following DCs (at the respective concentrations) were
tested and found to be ineffective according to the above criteria:
1,2-and 1,3-dioleoylglycerol; 1,2-and 1,3-dipalmitoylglycerol;
1,2- and 1,3-dimyristoylglycerol; 1,2- and 1,3-didecanoyl-
glycerol; 1,3-dioctanoylglycerol, all measured at 10~4 M. The

1,2-DGs mentioned were racemic isomers. In addition, 1-
oleoyl-2-acetylglycerol and 1,2-dihexanoyl-sn-glycerol (both
measured at 10~5M) were inactive. These latter two compounds
measured at 3 x 10~5 M exhibited some activity in only one of
the two experiments and were therefore taken as "negative11 at

this concentration.
A clearcut response was obtained with the 1,2-DGs listed in

Table 1 if applied at 10~4 M. In addition to the racemic 1,2-

dioctanoyl-glycerol the sn compound has been tested. The time
course of a representative experiment with it is shown in Fig.
1A with respect to the cumulative number of cells in prophase.
The onset of the inhibition occurs within approximately 10
min; the G2 delay lasts on the order of 80 min. Compared with
the rather small concentration of the ligands EGF or phorbol
ester required to induce an inhibition during G2, a concentration
of 10~4 M DG appears to be rather high. However, in view of

the amount mobilized by the action of TPA or EGF the reason
becomes clear. Assuming that IO6 HeLa cells have a packed

cell volume of approximately 5 Â¿Â¿1and using in addition the
molecular weight of dioleoylglycerol (M, 621) as the basis for

calculation, then the increase of the mean molar concentrations
of DG obtained with EGF (10~8 M) or TPA (10~7 M) can be
estimated: it is in the order of plus 0.6-1 x 10~4 M, i.e., in the

same order as that applied exogenously. Whether the phos-
phorylation to PA is required to influence the G2-M transition
is not yet known.

The data demonstrate that the G2 cohort of HeLa cells
responds to exogenous membrane-penetrating DCs with a delay
of the G2-M transition. Therefore, the mobilization of DG in
the G2 cohort elicited by EGF or phorbol ester may represent
a common metabolic step finally leading to the inhibition of
the G2-M transition.

Role of Protein Kinase C. Another set of duplicate experi
ments was done in order to address the possibility that the
inhibition by DG may be mediated through protein kinase C.
HeLa cells were pretreated for 17 h with acetone (0.2%) for
control or with TPA (10~7 M). Within this period TPA caused

protein kinase C to become no longer detectable by a monoclo
nal antibody (Fig. 8). Moreover Ca++, phosphatidylserine- and
TPA-dependent phosphorylation of histone HI (20) by extracts
of HeLa cells dropped by the TPA-pretreatment by 82% (Table
2). For analysis of the G2-M transition HeLa cells pretreated
with TPA (10~7 M) for 17 h received (without medium change)
either l,2-dioctanoyl-sÂ«-glycerol (10~4 M) or acetone (final con

centration now 0.4%: HeLa cells grew perfectly well in 1%
acetone). The data shown in Fig. 7, A and B, demonstrate an
inhibition by 1,2-dioctanoyl-sn-glycerol similar to that observed
in acetone-pretreated cells. In these cells the onset of the
response to DG was somewhat delayed (by approximately 40
min) (Fig. IB). A 17-h pretreatment with TPA (10~7 M) also

did not prevent the EGF-induced inhibition of the G2-M tran
sition (Fig. 1C). The results indicate that protein kinase C types
which are subject to down-regulation by TPA did not mediate
the inhibition of G2-M transition induced by exogenous DG or
EGF.
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Fig. 7. Effect of protein kinase C down-regulation on the G2 delay effected in
HeLa cells by 1,2-dioctanoyl-sn-glycerol (A, B) or EGF (C). HeLa cells were
cultivated for 24 h and treated with 0.2% acetone (A) (O, â€¢)or with 10~7M TPA
(B, C) (D, â€¢â€¢)for additional 17 h. Then the cells were incubated with 10~4M
1,2-dioctanoyl-sn-glycerol (A, B) (â€¢)or 10~" M EGF (C) (â€¢)at zero time and

analyzed by time lapse photography. Plotted are the cumulative numbers of cells
entering prophase.

Fig. 8. Down-regulation of protein kinase C. Total cell lysates (0.2% Triton
X-100) were electrophoresed in sodium dodecyl sulfate gels, blotted to Immobilon
membrane: protein kinase C was detected by immunostaining using a monoclonal
antibody against protein kinase C and anti-mouse antibody. Lane I, lysate from
HeLa cells treated for 17 h with acetone (0.2%); Lane 2. lysate from HeLa cells
treated for 17 h with TPA (10~7 M); Lane 3, authentic protein kinase C from rat

brain. The proteins migrating above and below protein kinase C (at 91.000 and
64,000, respectively) were labeled nonspecifically; they are probably not related
to protein kinase C.

DISCUSSION

An extensively studied inhibition of cells in G2 is that caused
by X-rays (4, 6-8). To date the reason for and the mechanism
of this G2 delay are not exactly known, although partly con
nected with the degree of DNA damage. The phorbol ester
TPA has been shown to cause chromosome aberrations in
certain cells (29) and also in HeLa cells (30) which resemble
those seen after a low dose of X-rays. In contrast, RPA, an
incomplete tumor promoter (31), did not cause chromosomal
aberrations (29, 30). Since TPA as well as RPA, however, elicit
at 10~7M a G2 delay of comparable duration in HeLa cells (11),

the influence of TPA on chromosomes cannot be responsible
for the phorbol ester-induced G2 delay. Similarly, EGF thus far
has not been demonstrated to induce clastogenesis, even though
it may cause in certain cells an increase of sister chromatid
exchanges (32). For these reasons, it seems unlikely that the G2
delay effected by the ligands TPA, RPA, and EGF in HeLa
cells is due to DNA damage. More likely is the possibility that
these ligands inhibit the G2-M transition through a common
class of intracellular mediators.

From the characteristics of the inhibition of the G2-M tran
sition induced in HeLa cells by phorbol esters and by EGF it
was concluded that the inhibition was mediated via receptors
(11, 12), in case of EGF through receptor tyrosine protein
kinase, in case of phorbol ester through protein kinase C.
Despite these differences, both agonists activate cellular en
zymes which lead to similar metabolites. These reactions in
clude the hydrolysis of phospholipids: (a) to lysophospholipids,

a class of molecules rapidly reacylated, and to arachidonic acid;
(b) to DCs and either inositol phosphates in the case of EGF
(33) or choline phosphate in the case of phorbol esters by
phospholipase C; and (c) to PA partly by phospholipase D in
case of TPA (25, 26) as well as in the case of EGF (34, 35).5 A
role of the activation of phospholipase A2 in the TPA-induced

G2 inhibition in HeLa cells has been excluded earlier (22).
The increase of DG and of PA appears to occur earlier in the

case of EGF than in the case of TPA. This difference is reflected
also by the difference in the onset of the inhibition of the G2-
M transition by these ligands if it is assumed that the restriction
point prior to prophase is identical in both cases. Even though
the resolution of the time lapse analysis of the G2-M transition
is limited, it is sufficient to derive a mean difference between
the onset of the reaction of the cells to EGF and to TPA of at
least 10 min. Taken together the data from cell cycle analysis
regarding the onset of the reaction to both agonists and the
intracellular elevation of DGs and/or PA seem to correlate.

The duration of the G2-M inhibition goes parallel with the
time course of mobilization of DGs induced by 10~7 M TPA
and by 10~8 M EGF. The maximum mobilization observed in
the case of EGF (10~8 M) reaches a magnitude similar to that
seen after TPA (10~7 M). However, the fate of DGs in EGF-

treated HeLa cells differs from that in TPA-treated cells. The
appearance of PA on treatment with phorbol ester or EGF
exhibits comparable characteristics. For the present it must
remain open which of the metabolites, DG and/or PA, mediates
further the inhibition of the G2-M transition.

The fact that membrane-penetrating DGs such as 1,2-dioc-
tanoylglycerol, 1,2-dihexanoylglycerol and l-oleoyl-2-acetyl-
glycerol inhibit temporarily the G2-M transition supports the
hypothesis of the proposed role of DGs in this respect. A 10~4

M concentration of these compounds in the medium is required
to obtain a clearcut inhibition. This seems to be a reasonable
concentration in view of the fact that EGF or TPA causes an
increase of cellular DG in the same molar range. The relatively
short lasting G2 inhibition induced by exogenous membrane
penetrating DGs may be for different reasons: (a) rapid isom-
erization and turnover under culture conditions (36); (b) an
incomplete equilibration; (c) short-chain DGs which may be
less suited as mediators of a G2 inhibition than natural long-
chain DGs mobilized intracellularly (see below). The observa
tion that down-regulation of protein kinase C by TPA did not
abolish the ability of DG and EGF to induce an inhibition of
the G2-M transition seems to exclude a direct involvement of
these types of protein kinase C in this process. Evidences of
protein kinase C-independent effects of DG in intact cells have
indeed been reported (e.g., Ref. 37), but the necessity of con
version to PA cannot be excluded.

DGs and/or PA may influence the G2-M transition by phys
ical interaction with cellular membranes, i.e., at a time when
membrane changes are required for mitosis. Prior to cell divi
sion most membrane compartments are broken up and become
vesiculated in order to be partitioned between daughter cells. A

Table 2 Protein kinase C activity (pmol phosphate transferredÂ¡pgcellular
protein/min) in HeLa cells pretreated with 0.2% acetone or with 0.2%acetone-IO''1 M TPA for 17 h

Assay conditions
Ca2*/PS/TPA+Pretreatment0.2%acetone2.45

Â±0.16Â°

0.86 Â±0.07IO-7

MTPA1.15

Â±0.03
0.87 Â±0.02

1Mean Â±SD.
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simple mechanism has been proposed by which certain mem
brane compartments may reach the vesiculated state, namely
by continuation of membrane budding but inhibition of mem
brane fusion (38). Physiological levels of DCs have been shown
to increase the susceptibility of phospholipid membranes to
fusion (39). PA may influence fusion properties of membranes
by virtue of an ionophoretic efficacy (40,41). In case the fusion
properties of biomembranes are favored by DG and/or PA, the
amounts mobilized in response to phorbol ester or EGF may
be sufficient to counteract the vesiculated state of membrane
compartments and thereby the preparation of the cell for
mitosis.

The interaction of DGs with biomembranes, moreover, may
turn on the metabolism of phospholipids by "activation" of

additional phospholipases. Dawson et al. (42, 43) have shown
in model systems that phospholipases (A2 and C types) can
hydrolyze bilayer-forming phospholipids much more rapidly in
the presence of added DGs than in their absence. Unsaturated
long chain DGs are much more effective than short-chain-
saturated DGs or l-oleoyl-2-acetylglycerol. Whether phospho
lipid metabolites are involved in X-ray-induced Gi-inhibition is
unknown. It should be noticed, however, that evidence for
membrane changes after applying low doses of X-rays has
indeed been obtained (44-46).

The data presented here raise the possibility that metabolites
of membrane phospholipids may be involved in a physiologi
cally occurring restriction of cells at the G;-M border elicited
by physiological factors such as EGF, a peptide originally
detected on the basis of mitogenic activity.
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