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SUMMARY: The potent tumor promoter 12-0-tetradecanoylphorbol 13-acetate causes

a 2-fold increase in 1,2-diacylglycerol levels within 15-30 min in cultured

chick embryo differentiated myoblasts. The weak tumor promoter 12-0-decanoyl-
phorbol 13-acetate was 250 times less effective and the non-promoter 4-a-phorbol
12,13 didecanoate was ineffective at producing this response. During subcellular
fractionation, the stimulated portion of the diacylglycerol was distributed
similarly to the plasma membrane fraction. Evidence is presented that this
diacylglycerol originates from pre-existing 1ipid rather than from de novo
synthesis. Possible implications of these findings with regard to the inhibi-
tion of myoblast fusion by the tumor promoter are discussed.

Cultured cells treated with very low concentrations (1078-10-3M) of the
tumor promoter TPAZ undergo a wide range of reversible alterations including
alterations in cell morphology, growth control, plasma membrane properties,
and differentiation (1,2). In the chick embryo myogenesis system, TPA revers-
ibly inhibits the differentiation of precursor myogenic cells into mononucleated
myoblasts (3) as well as the fusion of differentiated myoblasts to form multi-
nucleated myotubes (3,4). A variety of other plasma membrane functions are
altered in TPA-treated differentiated myoblasts, including Catt and hexose
transport (5,6) and cyclic nucleotide metabolism (7). Since the lipid compo-
nents of plasma membranes are critically important for the maintenance of
normal membrane structure and function and since several TPA-dependent alter-

ations in 1ipid metabolism have been reported to occur in other cell types
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(1,8-11), an investigation of the effect of TPA on myoblast lipid metabolism
was undertaken.
MATERIALS AND METHODS

Phorbol esters, 1ipid standards, and a-bungarotoxin were obtained from
Sigma Chemical Co. (St. Louis, M0). [3H]Glycerol (9.5 Ci/mol), [1*C]glycerol
(152 mCi/mmo1) and 251" were purchased from New England Nuclear (Boston, MA).
[1251]a-Bungarotoxin was prepared as described previously (12). Myoblast
cell cultures were prepared from breast muscle of 12-day white Teghorn chick
embryos essentially as described previously (12), except that 2.5 mg/ml
collagenase (Worthington Type III) was used in place of trypsin. Cells
{1.5 x 10%/60 mm dish) were grown in Ca**-free DMEM containing 10% fetal
bovine serum (treated with Chelex-100 resin) and 1% 1i-day chick embryo extract.
The final concentration of Ca*t in the medium was adjusted to 0.1 mM, which
permits the normal differentiation of mononucleated myoblasts but prevents
myotube formation (13). After 30-40 hours, the cells were fed with fresh
medium containing 107°M cytosine arabinoside to kill any proliferating cells.
Three-day cultures were used for all experiments. Variation in protein
content per dish was <7%. Subcellular fractionation was performed as described
previously (12). Protein assays were by the method of Lowry (14).

Lipid analysis - Cells or subcellular fractions were solubilized in 0.2%
sodium dodecyl sulfate. Lipids were extracted by the method of Bligh and
Dyer (15). Neutral 1lipids were separated on Silica Gel-60 precoated thin-
layer plates (E. Merck Reagents) developed with benzene/ethyl acetate (7:3)
(15). Lipid standards were located with iodine vapor and the corresponding
radioactive diacylglycerol region was counted in a gel dispersion containing
1.5 ml water and 3 ml ACS scintillation cocktail (Amersham).

RESULTS

As shown in Figure 1, when differentiated myoblasts were labeled with
[3H]glycerol for 24 h and then treated with TPA, a 2-fold increase in labeled
diacylglycerol levels occurred within 30 min. The levels of label in
triacylglycerol and phospholipids remained unchanged (not shown). In both
control and TPA-treated cells, >75% of labeled glycerol remained in the
glycerol moiety of the diacylglycerol, as determined by saponification. 1In
order to investigate the specificity of this response, the ability of other
phorbol esters to elicit increased diacylglycerol was determined. As shown
in Figure 2, the weak tumor promoter, 12-0-decanoylphorbol 13-acetate, also
stimulated diacylglycerol labeling, but at approximately 250 times the
concentration of TPA required for half-maximal stimulation. The non-promoting
analogue 4-a-phorbol 12,13-didecanoate, which presumably has amphiphilic
propert®es similar to TPA, had no diacylglycerol-stimulating activity, suggesting

that the effect of TPA was not due to non-specific membrane perturbations.
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Fig. 1: Effect of TPA on 1,2-diacylglycerol levels. At 44 h post-plating,

5 uCi/ml [3H]glycerol was added to myoblast cultures. TPA (20 ng/ml), dis-
solved in acetone, was added after an additional 24 h. Acetone alone (0.2%
final concentration) was added to control cultures. At the indicated times,
the cells were solubilized and the amount of labeled 1,2-diacylglycerol was
determined as described in Methods. The data points represent the means +
S.D. of triplicate 60 mm dishes, and the control value (780 + 80 cpm) was
obtained from five determinations.
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Fig. 2: Phorbol ester specificity of the diacylglycerol response. Myoblasts
grown in 60 mm culture dishes were Tabeled for 24 h (44 h to 68 h post-plating)
with 10 wCi/m1 [3H]glycerol, after which the indicated amounts of TPA (0},
12-0-decanoylphorbol 13-acetate ( D ) or 4-a-phorbol 12,13-didecancate { & )
were added for 45 min. Myoblasts were solubilized and the diacylglycerol
was extracted, chromatographed and counted as described in Methods. Data
points are the means + 1/2 the range for n = 2, except for the point at 1 ng/ml
4-a-phorbol 12,13-didecanocate, which is from a single determination. Values
for TPA are from 2 separate experiments. Control values were 700 + 70 cpm
diacylglycerol per dish.
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The TPA-dependent stimulation of diacylglycerol labeling could have
arisen from a stimulation of de novo synthesis or from a stimulation of the
turnover of existing glycerolipids to give diacylglycerol. To distinguish
between these possibilities, the effects of TPA on diacylglycerol labeling
were compared in myoblasts labeled with glycerol during or prior to TPA
treatment. As shown in Table I, cells labeled for 40 h prior to TPA addition
were stimulated by 61%; those labeled only 4 h prior to TPA addition and 2 h
during TPA treatment were stimulated 22%; and those pulse-labeled for 15 min at
75 min following TPA addition were not significantly stimulated. These results
suggest that TPA stimulates the generation of diacylglycerol from pre-existing
1ipid and has no effect on de novo diacylglycerol synthesis.

To determine the possible subcellular Tocation(s) of the TPA-stimulated
generation of diacylglycerol, myoblasts Tabeled with radioactive glycerol

were treated with TPA and then fractionated using differential and sucrose

TABLE I

EFFECT OF GLYCEROL LABELING PERIOD ON
TPA-DEPENDENT DIACYLGLYCEROL RESPONSE

Experiment Labeling Period Diacylglycerol Percent
Number hours (interval cpm/dish Stimulation
post-plating)
control TPA
18 40 (24-64) 6200 10000 61
2b 6  (66-72) 12000 14600 22
3¢ 0.25 (71:15-71:30) 1150 + 110 1200 + 50 4

Myoblasts were labeled with [1%C]- or [3H]glycerol for different lengths of
time at the indicated intervals after plating. TPA (20 ng/ml) was added at
70 h post-plating. At 72 h (71.5 h for Experiment 3) cells were solubilized
and the diacylglycerol was extracted and quantitated as described in Methods.

2 Cells in 100 mm dishes were labeled with 5 uCi/ml [14Clglycerol (152 mCi/

mmol). At 64 h post-plating, the medium was replaced with unlabeled condi-
tioned medium obtained from parallel unlabeled cultures.

b Cells in 100 mm dishes were labeled with 20 wCi/ml [3H]glycerol (152 mCi/
mmo1).

€ Cells in 60 mm dishes were labeled with 100 uCi/ml [3H]glycerol (9.5 Ci/
mmol). Values are the mean + S.D. of triplicate cultures.
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density gradient centrifugation (12). When the relative specific activities of
the TPA-stimulated diacylglycerol and a plasma membrane marker ([1251]a-
bungarotoxin bound to surface acetylcholine receptors, ref. 12) were compared
(Figu}e 3), both were clearly enriched in the 13-27% sucrose interface fraction,
the diacylglycerol to asomewhat greater extent than the a-bungarotoxin. These
results suggest that the TPA-stimulated diacylglycerol is located either in

the plasma membrane or in a fraction similar in density and size to the plasma

membrane fraction.
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Fig. 3: Myoblasts grown in two 150 mm diam. culture dishes were Tabeled for

24 h (44 h to 68 h post-plating) with 5 uCi/ml [3H]glycerol. TPA (20 ng/ml)

was added to one dish 90 min before harvest. Ten min before harvest, cells
were incubated with 107 cpm (Experiment I) or 2 X 107 cpm (Experiment II) of
[1251]a-bungarotoxin. The cells were then harvested and fractionated as
described previously (12). Diacylglycerol from each fraction was extracted

and quantitated as described in Methods. Experiments I & II were done on
separate days. Total recoveries of diacylglycerol in Experiment [ were

75% and 84%, respectively, for TPA-treated and control cells. The corresponding
recoveries in Experiment II were 103% and 90%. Values for total TPA-stimulated
diacylglycerol were 4200 cpm (Experiment I) and 6350 cpm (Experiment II).
Values for total 1251 cpm were 8400 (control) and 7250 (TPA) for Experiment I
and 15400 (control) and 19300 (TPA) for Experiment II. Relative specific
activity was calculated by dividing the percent total TPA-stimulated diacyl-
glycerol or percent total a-bungarotoxin in each fraction by the percent of
total recovered protein in that fraction (12). Stippled bars represent a-
bungarotoxin; cross-hatched bars represent TPA-stimutated diacylglycerol. The
height of each bar represents the average of Experiments I and II and the
error bars indicate the range. The area of each bar is proportional to the
radioactivity of a-bungarotoxin or diacylglycerol found in that fraction.
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DISCUSSION

A wide variety of alterations in lipid metabolism have been reported to
occur in TPA-treated non-myogenic cells. These include increased deacylation
of cellular 1ipids and synthesis of prostaglandins (10,11), increased incorporation
of choline (1,8,9), and increased incorporation of 32P, inositol and acetate (1).
It is possible that many of the alterations in 1ipid metabolism cited above
could be secondary to increased diacylglycerol generation. For example,
Sleight and Kent (17) demonstrated that the generation of diacylglycerol in
myoblast plasma membrane by exogenous phospholipase C caused a 3 to 5-fold
stimulationof choline incorporation into phosphatidylcholine. Perhaps a
similar mechanism is responsible for the increased choline incorporation
observed in TPA-treated cells (1,8,9).

The generation of diacylglycerol in the plasma membrane of myoblasts may
have wide-ranging effects on membrane function. Nameroff et. al.(18) and
Kent (19) demonstrated that the generation of diacylglycerol in the myoblast
plasma membrane using exogenous phospholipase C resulted in the inhibition of
myoblast fusion. A possible mechanism for this inhibition and that caused by
TPA (3,4) could involve the diffusion of enzyme-generated diacylglycersl from the
outer leaflet of the membrane to the inner leaflet. According to the bilayer
couple hypothesis (20), the net transfer of mass to the inner membrane leaflet
would promote invagination and inhibit evagination of the plasma membrane.
This could inhibit cell-cell fusion by 1) increasing the distance between fusion
sites in the apposing membranes, and 2) preventing microprocess formation thought
to be required for fusion (21). Similar reasoning would lead to the expection that
TPA should promote secretion-associated fusion of intracellular vesicles with the
plasma membrane on the cytosolic side. Consistent with this prediction are
the reports that TPA stimulated secretion of lysosomal enzymes (22,23), insulin
(24) and histamine (25). Further support comes from the finding that mast cells
exhibit a 2-fold increase in levels of diacylgiycerol within 1 min when

stimulated with the histamine-releasing agent 48/80 (26). Thus it is possible
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that the production of diacylglycerol in the plasma membrane of TPA-treated

myoblasts could explain how TPA inhibits myoblast fusion.
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