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Summary.-The effect of exogenous and endogenous prostaglandins on the patterns
of growth and differentiation of Friend erythroleukaemia cells (FLC) were studied.
During the differentiation process, DMSO stimulated PGE synthesis by an average
of 95o%. The addition of a long-acting synthetic analogue of PGE2, 16,16-dimethyl-
PGE2-methyl ester (di-M-PGE2) to the culture medium only slightly and tempor-
arily slowed cell growth, with no appreciable induction of differentiation. However,
in the presence of DMSO, the same concentration of di-M-PGE2 produced 73 0
inhibition of cell growth and accelerated and potently stimulated haemoglobin pro-
duction. The action of both di-M-PGE2 and DMSO on cell proliferation was dependent
upon the state of cell growth at the time of the administration of these compounds.
FLC cultures treated with DMSO+di-M-PGE2 produced considerable amounts
of haemoglobin before even one duplication cycle was completed. Both DMSO and
di-M-PGE2 stimulated endogenous PGE biosynthesis, and the biosynthetic effect of
these compounds was synergistic.

Inhibition of endogenous prostaglandin synthesis by indomethacin completely
abolished the effects produced by DMSO+di-M-PGE2 on the growth, and sub-
stantially reduced the stimulated differentiation of FLC. These data suggest that an
endogenously synthesized prostaglandin plays a significant role in both the inhibition
of replication and in the stimulation of differentiation induced by DMSO and di-M-
PGE2 in Friend erythroleukaemia cells.

MURINE ERYTHROLEUKAEMIA CELLS in-
fected with Friend virus (FLC) differen-
tiate in vitro from a proerythroblast-like
to a normoblast-like stage when treated
with dimethylsulphoxide (DMSO) (Friend
et al., 1971) or other inducers (Leder &
Leder, 1975; Reuben et al., 1976; Ebert
et al., 1976; Dabney & Beaudet, 1976;
Ross & Sautner, 1976). When induced to
differentiate, FLC produce haemoglobin
(Friend et al., 1971) the electrophoretic
pattern of which is similar to that of
haemolysates of adult DBA/2j mice (Scher
et al., 1971), the strain from which the
cells originated. Haemoglobin production
is accompanied by morphological changes

(Friend et al., 1971), the appearance of
erythrocyte membrane antigen (Ikawa
et al., 1973), an increase in iron uptake
and haem synthesis (Friend et al., 1971)
and accumulation of mRNA for globin
synthesis (Ross et al., 1972; Ross et al.,
1974). It has been suggested that DMSO
may act either directly on the genome of
the cell (Ross et al., 1972; Terada et al.,
1977; Darzynkiewicz et al., 1976; Stratling,
1976; Terada et al., 1978; Scher & Friend,
1978) or indirectly through an alteration
in the cell membrane (Lyman & Preisler,
1976; Lyman et al., 1976; Bernstein et al.,
1976) but the mechanism of action of
DMSO on FIC is still unknown.
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Prostaglandins of the E series have
been shown to inhibit the growth of a
number of tumour cell lines in vitro,
including plasmacytoma (Naseem & Hol-
lander, 1973), L-5178-Y-R mouse leu-
kaemia (Yang & Vas, 1971; Yang et al.,
1976), HeLa, Hep-2, HT-29 (Adolphe
et al., 1973; Hamprecht et al., 1973;
Thomas et al., 1974) and B16 melanoma
(Santoro, Philpott & Jaffe, 1976; Santoro
et al., 1977a, 1977b). PGEs have also been
shown to induce differentiation in mouse
fibroblasts (Johnson & Pastan, 1971) and
neuroblastoma cells (Prasad, 1972a, 1972b)
as well as Friend leukaemia when used at
very high concentrations (Tabuse et al.,
1977). The neuroblastoma cells have
recently been shown to differentiate in the
presence of DMSO (Kimhi et al., 1976).
The purpose of the current study was

to evaluate the effect of exogenous and
endogenous prostaglandins on the pattern
of growth and differentiation of Friend
erythroleukaemia cells in vitro.

MATERIALS AND METHODS

Cells and culture techniques.-Strain 745
(Cell Line GM-86) of Friend virus-induced
erythroleukaemia cells of DBA/2j origin was
provided by the Institute for Medical Re-
search, Camden, N.J. The cells were grown in
Dulbecco's modified Eagle's medium supple-
mented with 15% foetal calf serum, penicillin,
100 ,u/ml, and streptomycin, 0.1 mg/ml
(GIBCO). Cultures were plated at a con-
centration of 105 cells/ml and were maintained
at 3740-05'C in a humidified 95%-air, 5%-
CO2 atmosphere in 75-cm2 plastic T-flasks
(Falcon) containing 10 ml of media. Media
were preincubated for 15-20 min before
inoculation. 16, 16 dimethyl-PGE2-methyl
ester (di-M-PGE2) was kindly provided by the
Upjohn Co., Kalamazoo, Mich. It and
indomethacin (Sigma) were dissolved in
absolute ethanol and maintained at -20°C.
Control media contained identical concentra-
tions of ethanol (0.005%). Media containing
di-M-PGE2, indomethacin, DMSO (Fischer),
or ethanol alone, were sterilized by Millipore
filtration. At designated intervals, the number
of cells in each of 2 or more replicate cultures
was determined by counting in a haemo-
cytometer; the standard error for replicate

counts of the same cultures ranged from 2
to 6%. Cell viability determined by vital-dye
exclusion (Trypan blue, 0.1 %) ranged between
97 and 100% and was not influenced by the
addition of di-M-PGE9, indomethacin, DMSO,
or ethanol at the concentrations used. Repli-
cation cycles were expressed as doubling in
viable cell numbers. Resting-phase cultures
were defined as containing cells cultured for
120-144 h without m'edia changes and which,
although viable for at least 96 h more, did
not replicate further as they had reached
saturation density.
PGE assay.-PGE concentrations in media

and supernatants were measured by radio-
immunoassay after organic solvent extraction
and silicic acid chromatography as described
previously (Jaffe et al., 1973). Despite their
intracellular action, immediately after they
are synthesized prostaglandins are extruded
from cells. Consequently, less than 10% of
synthesized PGE is contained in the cells
(Hamprecht et al., 1973) and medium con-
centrations were measured as a way of quanti-
fying the amounts of prostaglandin synthes-
ized by cells. All prostaglandin determina-
tions were corrected for appropriate medium
blanks. The assay is quite specific; none of
the compounds added to media, including
di-M-PGE2, cross-reacted with the anti-PGE
antibody used.

Furthermore, PGF compounds, prosta-
glandin precursors and metabolites, throm-
boxane B2, and 6-keto-PGFla (the inactive
metabolite of prostacyclin) do not interfere
with radioimmunoassay measurements of
PGE.

Benzidine staining.-The cells (100 ,ul of
cell cultures), prediluted to a concentration
of 2 x 105 cells/ml, were stained by the addi-
tion of 50 ,ul of a solution containing 0.2%
benzidine dihydrochloride, 0.75% hydrogen
peroxide and 3% acetic acid (Orkin et al.,
1975) and benzidine-positive cells were
counted by haemocytometer.
Haemoglobin determination.-Samples of

cells (2 x106) were washed twice in sterile
0-9% NaCl and the pellets frozen at -70°C.
Cells were lysed by repeated freeze-thawings
(3 x ). Haemoglobin was measured from cell
lysates using the technique of Crosby &
Furth (1956).

Statistics.-Statistical comparisons were
performed using a t test for unpaired data;
P values less than 0 05 were considered
significant.
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RESULTS

Effects of di-M-PGE2 and DMSO on
proliferation rates

The effect of DMSO (1.5%) and DMSO
+di-M-PGE2 (1 jig/ml) on the growth of
FLC is shown in Figs. IA (cells from log-
phase cultures) and B (cells from resting-
phase cultures). At 24 h, di-M-PGE2 alone
(1 Htg/ml) produced significant (18%) in-
hibition of growth, but at 48 h the
inhibitory effect decreased and was not
statistically significant (data not shown).
The growth phase of the cells at the time
of inoculation was shown to be an impor-
tant variable. In cells from log-phase
cultures, DMSO treatment did not sig-
nificantly alter the growth pattern until
72 h, after which time (at 96 h) a 47%
stimulation of cell growth (P<005) was
noted. Treatment of these log-phase cells
with DMSO+di-M-PGE2 induced a mean
growth inhibition of 450o for Days 1-3.
After 96 h, the number of cells was not
significantly different from the control
cultures, but was significantly (42%) less
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than those in the DMSO-treated cells
(P<0 05). In contrast, in cells from resting-
phase cultures (Fig. IB) DMSO caused
significant inhibition of growth even after
72 h. Cells from resting-phase cultures
were even more profoundly inhibited
(73%0) by treatment with DMSO+di-M-
PGE2 throughout the 5 days of culture.

Effects of di-M-PGE2 and DMISO on
endogenous PGE biosynthesis
The production ofPGE during the growth

of Friend leukaemia cells was determined.
At the time of cell counts (every 24 h)
aliquots of the supernatants of 4 replicate
cultures from resting cell cultures and
duplicate log-phase cultures were collected
and assayed for PGE. Under control
conditions, PGE biosynthesis reached a
peak 24 h after inoculation, and decreased
to the initial rate after 96 h (Figs. 2 A and
B). The effect of addition to the medium
of resting cell cultures of di-M-PGE2
(1 Htg/ml), DMSO (15%, v/v), and DMSO
+-di-M-PGE2 on PG4E biosynthesis was
characterized.

B

I

I
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24 48 72 96 120
TIME (HOURS)

FIG. 1. Effect of DAISO (1-5%-) and DAISO +di-M-PGE2 (1 ,g/mlA) on the pattern of growth of
FLC derived from log (A) and stationarv (B) phase cuiltures. Control (-). Cells were plated at 105
cell/mi. Di-M-PGE2 and ethanol were added as described in Methods. Each point is the mean+s.e.
of *lata fiom (luplicate (A)anci 6 ieplicate (B) culltures. * -P<005 vs conitiol, t- P<0-05 sDMSO.
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FIG. 2. PGE productioin and growti
of FLC derived from log (A) and st
(B) phase cultures in the presence
absence (0) of DMSO (-di-M-PG1
were plated at 105 cell/ml. Each
the mean+s.e. of duplicate (A)
ruplicate (B) cultuies. , nu

cells; ...amount of PGE. *=

PGE production was signifi
creased only at 72 h (P<0.05
di-M-PGE2 and DMSO alone, M

increases (51*3±6 4 to 156 3+x
cells) were recorded. The stim
endogenous PGE biosynthesis
PGE2 alone was substantiate(
since this stimulatory effect M
abolished by simultaneous tre
the cultures with indometha
synthesis returned to the contr
96 h in both DMSO and d
treated cultures. In contrast
treated with DMSO+di-M-PGI
cent stimulation of PGE
increased several-fold at ea(
point, compared to the data i
and di-M-PGE2 alone, and this
synergistic effect did not decreq
the end of the experimental 1
24 h, PGE synthesis was stim

89%o; comparable data for 48, 72, and
96 h were 397, 662 and 897o% respectively.
The endogenously synthesized PGE

appeared to influence FLC growth rates.
PGE production by FLC cultures was
correlated with changes in rates of cell
growth. In control cells coming from both
log- and stationary-phase cultures, PGE
synthesis peaked 24 h after inoculation
and decreased to the initial rate after 72
and 96 h respectively (Figs. 2A and B).
However, the amount of PGE produced
by cells coming from the stationary-phase
culture was twice as great at 24 h as that
produced by cells from the log-phase
culture (P<0 05). This difference in PGE
production between log and stationary-
phase cells was associated with a corres-
ponding difference in their rate of replica-
tion observed even after 24 h (log phase
0 44±0-01 x 106 cells/ml; stationary phase

48 96 022±0O02x 106 cells/ml; P<0 05). In
addition, the surge of PGE production at

pattern 24 h was associated with a decrease in
tationary growth rate; growth rate increased sub-
(0) ael( stantially only after PGE biosynthesis
F2. Celis
point is started to decrease. Cells treated with
or quad- di-M-PGE2+DMSO synthesized signifi-
P<m0.e cantly more PGE than untreated cells.

In treated cells from log-phase cultures,
icantly in- the increased synthesis of endogenous PGE
i) by both was associated with significant inhibition
vhen 200% of growth throughout the 96 h experiment.
26-8 pg/106 The effect was even more dramatic in
iulation of cells from resting cultures, in which the
by di-M- marked stimulation of PGE biosynthesis

I as valid was associated with 87% inhibition of
vas totally FLC replication at 96 h.
catment of These data were consistent with an
ucin. PGE inverse relationship between PGE bio-
rol rate by synthesis (increases in medium concentra-
li-M-PGE2- tions) and rates of cell replication (in-

in cells creases in cell numbers) under all condi-
E2, the per tions examined. These 2 variables were
synthesis significantly correlated (P<0 01) with a

oh datum correlation coefficient of -0-48 (n 69).
for DMSO
significant Effects of PGE on haemoglobin production
tse toward In the absence of DMSO, less than 2%
period. At of the cells became benzidine positive after
tulated by 5 days of culture. Addition ofDMSO (1I5O%)
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FiG. 3.-Effect of di-M-PGE2 on haemoglobin production. (A) Production of haemoglobin during the
differentiation process; each point is the mean± s.e. of 10 replicate cultures; * =P< 005 v8 DMSO
alone. (B) Effect of di-M-PGE2 on the rate of haemoglobin production in relation to cell duplication
cycles. Duplication cycles were calculated as:

log (A/B)
log 2

where A=number of cells at that time and B=number of cells at time 0. Each point is the mean± s.e.
of duplicate cultures. 0, di-M-PGE2; A, DMSO; A, DMSO + di-M-PGE2; 0, control.

to the medium of FLC cells induced the
expected production of intracellular
haemoglobin. In cultures treated with
1.5% DMSO, an increase in the number
of benzidine+ cells was detected after
72 h and at least 90 % of the cells contained
haemoglobin between 96 and 120 h. Di-
M-PGE2 (1 p,g/ml) produced a slight but
nonsignificant increase in the percent of
benzidine+ cells after 4 days (,.7 %),
while cultures treated with di-M-PGE2+
DMSO contained 94% benzidine+ cells
after 96 h.

Fig. 3A illustrates the haemoglobin
production by control and treated cells
during 5 days of growth in vitro; each
datum point is the mean of 2 or more
experiments. Only small amounts of
haemoglobin were detected in both control
and di-M-PGE2 (1 ,ug/ml) treated cells.
DMSO-treated cells produced haemoglobin
after 2 days of growth, and only after
completing two replication cycles (Fig.

18

3B). Cells treated with DMSO+di-M-
PGE2 produced significantly more haemo-
globin during the entire experiment than
cells treated with DMSO alone (Fig. 3A).
Most importantly, after treatment with
DMSO+di-M-PGE2, haemoglobin produc-
tion was initiated before the cells com-
pleted even one replication cycle (Fig. 3B).
To determine whether di-M-PGE2 treat-

ment irreversibly altered the cells, cells
grown for 5 days in medium containing
DMSO and DMSO+di-M-PGE2, and con-
trol media, were washed, transferred to
control media and routinely plated every
96 or 120 h in fresh medium for a total
of 28 duplication cycles. The haemoglobin
content of cells was measured at 4-5-day
intervals. As soon as DMSO and di-M-
PGE2 were removed from the test media,
cell haemoglobin concentrations started
to decrease; in both groups of cells, haemo-
globin levels reached control values after
14 duplication cycles (Fig. 4). There was
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FIG. 4.-Decrease of haemoglobin content
after removal of DMSO (-) and DMSO+-
di-M-PGE2 (A) from the medium. Control;
*. Cells were cultured for 120 h in the
presence of DMSO and DMSO+ di-M-
PGE2. At the end of the 5-day period, the
cells differentiated normally. Cells were
washed and replated at 105 cells/ml in
medium without either DMSO or di-M-
PGE2. Cells were replated every 5 days for
a total of 28 duplication cycles. Each point
is the mean of duplicate cultures.

no significant difference in the gradual
rate of decrease of haemoglobin produc-
tion between cells treated with DMSO and
those treated with DMSO+di-M-PGE2.

Effect ofinhibitors ofprostaglandin synthesis
In order to evaluate the role of endo-

genous PGE in the DMSO-induced effects
on FLC replication and differentiation,
experiments were performed in the
presence and absence of 10-8M indo-
methacin. This concentration was chosen
since we have previously demonstrated it
to be the most effective in inhibiting
endogenous PGE synthesis in other cell
lines (Thomas et al., 1974). In order to
verify the effectiveness of this drug in
inhibiting PGE biosynthesis by FLC,
duplicate cultures were each seeded with
DMSO (1-5%)+di-M-PGE2 (1 ,ug/ml),
DMSO+indomethacin (10-8M), andDMSO
+di-M-PGE2+indomethacin. The indo-
methacin, di-M-PGE2, and DMSO were

added to the media 15 min before cell
seeding and maintained for the duration
of the experiment. PGE concentrations in
the DMSO-containing media were deter-

mined at 48 and 96 h. At 48 and 96 h
(DMSO+di-M-PGE2)-treated cultures con-
tained 1447±323'0 and 286±62.9 pg/
106 cells respectively. In the presence of
DMSO, indomethacin produced a 97-1%
inhibition of PGE biosynthesis at 48 h;
comparable data 96 h were 89.8% inhibi-
tion. Addition of di-M-PGE2 to the
DMSO- and indomethacin-containing
media did not significantly influence
endogenous PGE biosynthesis; at 48 and
96 h, indomethacin caused 93.5% and
78.6% inhibition of PGE biosynthesis
respectively.
As shown in Fig. 5A, the inhibition of

PGE biosynthesis by indomethacin was
responsible for observed changes in the
rates of cell proliferation. As described
above, DMSO+di-M-PGE2 significantly
suppressed replication ofFLC from resting-
cell cultures. In contrast, addition of
indomethacin to (di-M-PGE2+DMSO)-
containingFLC cultures virtually abolished
this inhibitory effect. Since the growth
curves of cells cultured in the presence
of DMSO+indomethacin were virtually
identical to those grown in media contain-
ing DMSO +[indomethacin+di-M-PGE2,
the data suggests that endogenously
synthesized prostaglandins (presumably
in response to DMSO and di-M-PGE2) are
responsible for the inhibitory action on cell
replication.

Similar observations were made for
differentiation. As described above, in
these experiments, treatment of FLC
with DMSO+di-M-PGE2 induced the pro-
duction of large amounts of haemoglobin
(6-85±0'30 ,ug/106 cells at 120 h). Addi-
tion of indomethacin to (DMSO+di-M-
PGE2)-containing media caused both delay
in the initiation of differentiation (Fig.
5B) and significant inhibition of haemo-
globin production; at 120 h cell haemo-
globin concentrations averaged 4*35±
0-87 Kg/106 cells (P<0 05). The curves for
haemoglobin production by FLC treated
with only indomethacin+DMSO were
similar (3-76+0-44 jUg/106 cells). Thus,
the data suggest that PGE synthesized
endogenously in response to DMSO and
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Fig. 5.-Effect of indomethacin on the activity of di-M-PGE2 on FLC growth (A) and differentia-

tion (B). Cells were plated at 105 cells/ml. Each point is the mean±s.e. of duplicate cultures. At
120 h, the amount of haemoglobin in the cells treated with DMSO+di-M-PGE2 was significantly
(P<O005) more than in the cells cultured in medium containing indomethacin. 0 0 DMSO+
indomethacin, *- - -* DMSO+di-M-PGE2+indomethacin, O 11111111111111111111 D1 DMSO+di-M-PGE2

di-M-PGE2 is responsible for this stimu-
latory effect.

DISCUSSION

These data suggest that prostaglandins
play a role in controlling the proliferation
of Friend erythroleukaemia cells. This
was substantiated in a number of the
studies. First, during the first 48 h of
culture, cells from the stationary phase
were found to replicate considerably more

slowly than cells from log-phase cultures.
During this period, resting-phase cultures
of FLC produced twice as much PGE as
cultures initiated with cells from the log
phase. In fact, in all our studies using
resting and log-phase cultures, there was a

significant inverse correlation between
rates of cell replication and endogenous
PGE biosynthesis. Secondly, in the pres-
ence of DMSO, addition of exogenous
di-M-PGE2 caused profound inhibition
of FLC replication. As proved by viability
rates exceeding 97%, di-M-PGE2 was not
toxic to the cells. However, it is difficult
to determine the mechanism of the in-

hibitory effect of this analogue. Because
of the stimulation of endogenous PGE
biosynthesis, the synthetic analogue used
could inhibit either directly or by stimu-
lating inhibitory PGE. Finally, di-M-
PGE2 and DMSO had a synergistic
stimulatory effect on PGE biosynthesis.
Treatment of (di-M-PGE2+DMSO)-con-
taining medium with indomethacin abol-
ished both the increase in PGE biosyn-
thesis and the growth-inhibitory effect
of these two agents. Since FLC cultures
containing DMSO+indomethacin and
those treated with DMSO+di-M-PGE2+
indomethacin grew at similar rates, the
data suggest that the major inhibitory
compound is an endogenously synthesized
prostaglandin. The stimulation of endo-
genous prostaglandin synthesis by a syn-

thetic PG analogue has never previously
been demonstrated, and may be of major
importance in the action of these com-

pounds.
The mechanism of action of DMSO in

inducing FLC differentiation is as yet
unknown. DMSO has been shown to
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alter chromatin structure as early as 10 h
using propidium iodide binding (Terada
et al., 1977) and after 6 days, by staining
DNA with acridine orange (Darzynkie-
wicz et al., 1976). The work of Ross et al.
(1974) and Stratling (1976) suggested that
DMSO activated transcription of globin
genes. On the other hand, a number of
studies have suggested that the primary
action of DMSO is the production of
changes in the cell membrane (Lyman &
Preisler, 1976; Lyman et al., 1976), which
has recently been implicated in the
differentiation process (Bernstein et al.,
1976). This latter hypothesis does not
explain how the action of the membrane
is reflected at the transcriptional level.
Our data demonstrate that the addition

of DMSO to the media of FLC cultures
stimulates PGE synthesis during differen-
tiation. Thus, these data suggest that
PGE may be one of the messengers in the
differentiation process. This hypothesis
was substantiated by a number of the
studies performed. Addition of di-M-PGE2
to DMSO-containing media stimulated
haemoglobin production. Since the number
of benzidine+ cells was not significantly
different from those treated with DMSO,
di-M-PGE2 did not alter the number of
cells committed to differentiation, but
stimulated haemoglobin synthesis in these
cells. It is critical to point out that in the
presence of this prostaglandin analogue
differentiation occurred before the cells
completed even one replication cycle.
Thus, in the presence of di-M-PGE2, it is
not necessary for the cells to undergo
two complete replication cycles before
starting to produce haemoglobin, as pre-
viously hypothesized (McClintock & Papa-
constantinou, 1974; Gusella et al., 1976).
It is interesting to point out that Tabuse
et al. (1977) have recently shown that
PGE1 at 30-fold higher concentrations
induced differentiation in the same clone
of Friend leukaemia cells.

Finally, inclusion of indomethacin to
media containing DMSO+di-M-PGE2 in-
hibited the stimulated differentiation.
Since this inhibition was similar in cul-

tures which included di-M-PGE2 to those
that did not, the data strongly suggest
that an endogenously synthesized prosta-
glandin or prostaglandin-like compound
was involved in mediating the stimulation
of the differentiating effect of DMSO.
In recent experiments we have noticed
that hydrocortisone, another inhibitor
of prostaglandin synthesis (Santoro et al.,
1976; Hong & Levine, 1976; Hammar-
strojm et at., 1977) completely suppresses
FLC differentiation induced by DMSO;
however, it appears that this effect is not
mediated by a prostaglandin (Santoro
et al., 1978).

Since our results demonstrated that
PGE production by FLC was enhanced
during the differentiation induced by
DMSO, that indomethacin, an inhibitor
of prostaglandin synthesis, interfered with
haemoglobin production, and that in the
presence of DMSO the addition of
exogenous PGE stimulated and accelera-
ted haemoglobin production while simul-
taneously inhibiting cell growth, we sug-
gest that prostaglandins of the E series
are involved in the stimulation of the
differentiation process of Friend erythro-
leukaemia cells. Further study is necessary
to investigate the mechanism of this action.

This work was supported in part by Grants
CH 103 and IN-36-R from the American Cancer
Society and the Proggetto Finalizzato Virus of the
CNR, and in conjunction with the National Science
Foundation sponsored U.S.A.-Italy Co-operative
Program in Science.
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