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ABSTRACT

The effect of prostaglandin A2 (PGA2) on c-myc expression was
investigated in a human promyelocytic leukemia cell line, HL-60, which
responded to PGA2 with a dose-dependent growth inhibition. Northern

blot analysis indicated that treatment with PGA2 at 0.5 to 5.0 Â«ig/ml
remarkably reduced the steady state level of c-myc mRNA within 3 h,

and then it gradually recovered according to the order of concentration
of the drug. In contrast to c-myc, the level of class I HLA mRNA, as an

internal control, was not diminished by PGA2 treatment. Further, this
reduction of v-myc was not disturbed by cycloheximide, suggesting that
this PGA2 action on c-myc expression is independent of de novo protein
synthesis. Cytofluorometric analysis revealed that the exposure of HL-
60 cells to PGA; at 0.5 or 5.0 Mg/ml arrested the cells in the G0-Gi phase
of the cell cycle. This accumulation of the cells in G0-G| phase continues
until 24 or 36 h at 0.5 or 5.0 fig/ml, respectively. The Gn-G, arrest of the
cell cycle was also recovered as the inhibition of c-myc was released.

This recovery may be due to the loss of activity of PGA2 in culture
medium. This study clearly showed that PGA2 treatment arrested HL-

60 cells in the G,rG, phase of the cell cycle and was associated with the
reduction of c-myc mRNA.

INTRODUCTION

Several investigators have demonstrated that some prosta-
glandins inhibit the growth of various tumor cells in vitro and
in vivo (1-5). In the early studies, almost all the reports on the
antitumor effects of PCs3 were concerned with the E and A

series of PG. In 1982, Fukushima et al. (6) reported that PGD2
had a potent antitumor effect for several human tumor cell
lines, but recently, Narumiya et al. (7, 8) demonstrated that
PGA2 and A12-PGJ2 were ultimate active metabolites of PGE2

and PGD2, respectively, and that PGE2 and PGD2 themselves
had little potency in growth inhibition. Research efforts have
focused on the A and J series of PGs because all of them contain
an a,/3-unsaturated carbonyl group in the cyclopentenone ring,
which is thought to be an active moiety of the antitumor PGs
according to its structure-activity relationship (9-14). Many
researchers have suggested that cells treated with PGs were
arrested in the G0-Gi phase of the cell cycle (15-18). However,
the mechanisms of action of the PGs were not fully understood.
Our interest is focused on why PG-treated cells were arrested
in Go-Gi. Recently, Santoro et al. (19) indicated that certain
specific proteins in cells were induced or suppressed by treat
ment with PGA,. These results suggest that PGA and PGJ
regulate the expression of certain specific genes and that the
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products coded for these genes regulate the progression of cell
cycle (8).

c-myc is one of the nuclear oncogenes and is associated with
neoplastic growth (20, 21). It has been proposed that c-myc is
involved in the regulation of cell proliferation (22). The suppres
sion of c-myc expression is closely linked to the specific arrest
in Go-Gi when tumor cells are treated with some differentiation
inducers or lymphokines (23-28). It is probable, we infer, that
PGs may have an effect on c-myc expression, because PGs
arrest cells in Gn-G i and inhibit cell proliferation. The final aim
of our research is to clarify the mechanisms of action of anti-
tumor PGs. In this report, the possible relationship between
the reduction of c-myc expression and the Go-Gi arrest of the
cell cycle was investigated in a human promyelocytic leukemia
line, HL-60, when the cells were treated with PGA2.

MATERIALS AND METHODS

Chemicals. Prostaglandin A2 was purchased from Funakoshi Chem
icals Co., Ltd. (Tokyo, Japan), and stored in absolute ethanol at a
concentration of 10 mg/ml at â€”20Â°C.This stock solution was used
within 1 month. [a-32P]dCTP was obtained from Amersham Japan

(Tokyo, Japan). All other chemicals were of biochemical reagent grade.
Cells and Cell Culture. The human promyelocytic leukemia cell line,

HL-60, was kindly provided by Dr. H. I lemmi (Tohoku University,
Sendai, Japan). HL-60 cells were suspended in RPMI 1640 (Nissui,
Seiyaku Co., Ltd., Tokyo, Japan), supplemented with 10% heat-inac
tivated (56Â°C,30 min) fetal calf serum (GIBCO Laboratories, Chagrin

Falls, OH), penicillin (50 lU/ml), and kanamycin (50 Â¿ig/ml).Cultures
were incubated at 37"C in a water-saturated atmosphere containing 5%
CO2. The cells were seeded at 2.5 x 10*/ml in a total volume of 30 ml
in a 260-ml 80-cnr culture flask (Nunclon, A/S Nunc, Denmark) and
cultured in the presence of different concentrations of PGA2. The final
concentration of ethanol used to dissolve PGA2 was less than 0.1%. A
control culture medium containing 0.1% ethanol had no effect on HL-
60 cells.

Measurement of Cell Growth. Duplicate cultures were carried out for
each of the 6 culture days. Viable cells were counted by a trypan blue
exclusion test in a hemocytometer.

Northern Blot Analysis. Total cellular RNA was prepared by the
guanidinium-hot phenol method as described by Feramisco et al. (29).
Total cellular RNA (10 ng) was fractionated on 1.4% agarose gel in
0.01 M sodium phosphate buffer (pH 7.0) after denaturation with l M
glyoxal and 50% DMSO as described by MacMaster and Carmichael
(30). The RNA was transferred to a nylon membrane filter (Zeta-probe;
Bio-Rad, Richmond, CA), and the filter was baked at 80Â°Cfor 2 h.
After prehybridization, hybridization was performed at 42"C for 24 h

in a mixture containing 5x SSC (Ix SSC is 0.15 M NaCI-0.015 M
sodium citrate, pH 7.0), 50% formamide, 2x Denhardts' solution (Ix
Denhardts' is 0.02% each of bovine serum albumin, Ficoll 400, and

polyvinylpyrolidone), 25 HIMsodium phosphate buffer (pH 6.5), 100
Mg/ml heat-inactivated salmon sperm DNA, 0.1% SDS, and 10' cpm/
ml 32P-labeled probe. After hybridization, the filter was washed for 1 h
in 2x SSC-0.1 % SDS at 23Â°Cand then washed for 30 min in 0.1 x SSC-

O.lx SDS at room temperature, followed by a final wash for 30 min in
O.lx SSC-0.Ix SDS at 55Â°C.Filter was exposed to Kodak X-Omat
AR films at â€”70Â°Cusing an intensifying screen (Cronex Lightening

Plus; Du Pont, Wilmington, DE). The autoradiograph was scanned by
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densitometric tracing, using Densitron PAN-802 (Jookoo Co., Ltd.,
Tokyo, Japan).

Preparation of Probes. The 1.4-kilobase Clal/EcoRl fragment con
taining the human c-myc third exon was purified from pMyc6S14 (31).
The 1.4-kilobase Pstl fragment of HLA-B complementary DNA was
purified from pDPOOl (32). Both plasmid clones were provided by the
Japanese Cancer Research Resources Bank (Japan). Hybridization
probe was labeled with [<*-32P]dCTPto a specific activity of >10" cpm/
MKby nick translation (33) for the c-myc probe or by the random
priming method (34) for the HLA probe.

Cell Cycle Analysis. Sample cell suspensions (2-4 x 10'' cells) were
centrifuged at 1500 rpm for 10 min at 4'C, and the cell pellets were
washed twice with 5 ml of ice-cold phosphate-buffered saline (â€”).The
cells were fixed in ice-cold 70% ethanol at 4'C, and then the DNA was

stained with propidium iodide (Sigma Chemical Co., St. Louis, MO)
solution (final concentration, SO *ig/ml in 0.1% sodium citrate) at a
concentration of approximately 1-2 x 10* cells/ml. The stained cells
were analyzed for DNA content using a cell sorter CS-20 (Showa
Denko Co., Ltd., Tokyo, Japan) equipped with an argon ion laser at
488 nm. Approximately 3 x ill4 cells were analyzed for each DNA
content histogram. Percentages of cells in various phases (G0-Gi, S, G2
+ M) were calculated by the method described by Kimura et al. (35).

RESULTS

Effect of PCA2 on the Proliferation of HL-60 Cells. To analyze
the effect of PGA2 on the proliferation of HL-60 cells in
suspension culture, the cells were treated with PGA2 immedi
ately after plating. Fig. 1 shows the growth curve of HL-60
cells in the presence or absence of PGA2. Untreated control
cells grew exponentially with a generation time of approxi
mately 36 h for 4 days, and then the growth rate decreased.
When HL-60 cells were treated with 0.5 to 10.0 Mg/ml of PGA2
for 6 days, the growth of the cells was inhibited in a dose-
dependent manner. This growth-inhibitory effect was observed
from the early culture days, but the growth rate of PGA2-treated
cells gradually recovered to that of the control at any concen
tration lower than 10.0 ng/m\. Actually, the number of cells
treated with 5.0 jig/ml of PGA2 recovered to the control level
at 8 culture days (data not shown). By trypan blue exclusion
test, the cell viability remained more than 90% at 0.5 to 5.0 fig/
ml of PGA2 during 6 culture days, but at 10.0 Mg/ml, almost
all of the cells were killed within 5 culture days. These results
suggest that antiproliferative activity of PGA2 was not cytotoxic
at 0.5 to 5.0 /Â¿g/ml,while it was cytotoxic at 10.0 fig/m\. In
this respect, a few workers have already demonstrated that the

0
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Fig. 1. Effect of PGA2 on HL-60 cell growth. HL-60 cells were cultured in
the presence of various concentrations of PGA2 and viable cells were counted by
the trypan blue exclusion test. PGA3 concentrations (jig/ml): none (untreated
control) (O); 0.5 (â€¢);1.0 (A); 2.5 (A); 5.0 (O); 10.0 (â€¢).

effect of the A series of PGs is not due to cell cytotoxicity
within the limit of a certain dose (5, 19, 36).

In order to examine why the growth rate of the cells treated
with PGA2 at 0.5 to 5.0 Mg/ml gradually recovered, 5.0 Mg/ml
of PC A. were preincubated without cells in the medium con
taining serum at 37Â°Cfor 24 or 48 h, and then cells were

exposed to this preincubated medium. The growth-inhibitory
activity of the medium preincubated for 24 and 48 h was reduced
by 50 and 64%, respectively, at 3 culture days. This indicates
that the recovery of growth rate in late culture days may be due
to the loss of activity of PGA2 in culture medium, as indicated
by Bhuyan et al. (18).

Effect of PGA, on the Steady State Level of c-myc niRNA.
To investigate the effect of PGA2 on the expression of c-myc,
exponentially growing cultures of HL-60 cells were treated with
PGA2 at 0.5 to 5.0 Mg/ml. At these concentrations, the cell
proliferation was inhibited without affecting cell viability as
described above. After the treatment, the cells were harvested
at intervals from 30 min to 48 h. Then total cellular RNA was
extracted from each sample, and the steady state level of c-myc
mRNA was analyzed by Northern blot, using 32P-labeled c-myc
probe as described in "Materials and Methods." As shown in
Fig. 2, c-myc mRNAs were readily detected in untreated con
trols at any time (Lane 7). Thirty min after treatment with
PGA2, c-myc mRNA levels remained unchanged regardless of
PGA2 concentration (Fig. 2a). However, after 3 h, c-myc mRNA
levels in the PGA2-treated cells were markedly reduced at any
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Fig. 2. Inhibitory effects of PGAÂ¡on c-myc mRNA level in HL-60 cells. HL-
60 cells were untreated (Lane Y) or treated with 0.5 Mg/ml (Lane 2), 1.0 Mg/ml
(Lane 3), 2.5 Mg/ml (Lane 4), and 5.0 Mg/ml (Lane 5) of PGAÂ¡for 30 min (a), 3
h (Â¿>),12 h (<â€¢),24 h (ti), and 48 h (<â€¢).Ten Mgof total cellular RNA were analyzed
by Northern blot, using the "I'-labeled 1.4-kilobase Clal/EcoRl DNA fragment
containing the third exon of the human c-myc gene. All filters were exposed to
X-Omat AR films at -70*C.
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concentration examined (Fig. 2b). By densitometric analysis,
these levels were reduced by more than 90% (data not shown).
After 12 h of treatment, the c-myc mRNA level in the cells
treated with 0.5 Mg/ml of PGA2 was recovered to the level of
untreated cells (Fig. 2c). After 24 h, such recovery was also
noted in the cells treated with 1.0 Mg/ml of PGA2 (Fig. 2</),
and the c-myc mRNA returned to the basal level observed in
untreated cells within 48 h at any concentration tested. These
results suggest that PGA2 inhibits the expression of the c-myc
gene within 3 h, and this inhibitory effect is reversible. The
recovery of c-myc levels seems to depend on the order of
concentration with time, and this recovery may be due to the
loss of activity of PGA2 in culture medium as described above.

Effect of PGA2 on Class I HLA mRNA Level. In order to
know whether PGA2 inhibits other cellular mRNA expressions
in HL-60 cells, the class I HLA mRNA level was determined
by comparison with the c-myc mRNA level by Northern blot.
The probes used were 32P-labeled HLA-B complementary DNA
and the third exon of c-myc DNA. Each RNA sample was
extracted from HL-60 cells treated with 2.5 Mg/m' of PGA2 for
3, 6, 24, and 48 h. The steady state level of c-myc mRNA was
reduced after 3 and 6 h and then recovered within 48 h (Fig.
3), as described above. In contrast, the level of class I HLA
mRNA was not reduced in the cells treated with PGA2 at any
time examined (Fig. 3). These findings demonstrated that
PGA2-mediated reduction of c-myc mRNA in HL-60 cells was
independent of the level of whole cellular mRNA.

Effect of Cycloheximide on the PGA2-mediated c-myc Inhibi
tion. To determine whether PGA2 inhibits c-myc expression in
the absence of de novo protein synthesis, we investigate the
effects of PGA2 on c-myc mRNA levels in HL-60 cells treated
with cycloheximide. Cycloheximide (10 jig/ml) was added to
the cells at 15 min before the addition of 2.5 /ig/ml of PGA2.
Total cellular RNA was extracted at 3 h after PGA2 was added,
and equal amounts of RNA were analyzed on Northern blot.
As shown in Fig. 4, cycloheximide did not prevent PGA2-
mediated inhibition of c-myc expression. The level of class I
HLA mRNA, as internal control, remained unchanged after
the varied treatments. This suggests that the inhibitory effect
of PGA2 on c-myc expression is independent of de novo protein
synthesis.

Cytofluorometric Analysis of PGA2-induced Growth Inhibition
of HL-60 Cells. To investigate the effect of PGA2 on the cell
cycle of HL-60 cells, the DNA contents of the cells treated with
0.5 and 5.0 Mg/ml of PGA2 and of untreated control cells were
measured by flow cytometry with a cell sorter as described in
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Fig. 3. Effect of PGA2 on the level of class I HLA mRNA. HL-60 cells were
continuously treated with 2.5 /ig/'nil of I'<,A . Total cellular RNA was extracted

at the indicated times (0, 3, 6, 24, and 48 h) and analyzed on Northern blot, using
"P-labeled probes of c-myc and HLA-B complementary DNA as described in
"Materials and Methods."
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Fig. 4. Effect of cycloheximide on the reduction of c-myc mRNA by PGA2.
HL-60 cells were incubated in the presence (Lanes I and 2) or absence (Lanes 3
and 4) of cycloheximide for IS min. Then the cells were treated with PGA2 (2.5
Mg/ml) (Lanes 2 and 4) or untreated (Lanes I and 3) for 3 h. RNA was extracted
and analyzed on Northern blot, using 32P-labeled probes of c-myc and HLA-B
complementary DNA as described in "Materials and Methods."
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Fig. 5. Representative DNA histograms of HL-60 cells treated with PGA2.
The cells were exposed continuously to 0.5 or 5.0 /jg/ml of PGA2 for 3, 12, and
24 h. Approximately 3x10* cells were analyzed for flow cytometry.

"Materials and Methods." HL-60 cells were plated at 2.5 x
105/ml approximately 36 h prior to the experiment to ensure

that the cells were growing exponentially. Fig. 5 showed the
DNA histograms of HL-60 cells treated with 0.5 or 5.0 i/g/ml
of PGA2 for 3 to 24 h. The percentage of cells in G0-G| during
3 to 48 h of PGA2 treatment was demonstrated in Fig. 6. The
distributions of the untreated control cells were almost equal
from 3 to 24 h (Fig. 5). In contrast, the histogram of the cells
treated with PGA2 showed a decreased number of the cells in S
phase (Fig. 5) and an increase in the proportion of cells in G0-
GI at 12 h as seen in Fig. 6. In addition to decreased numbers
of the cells in S phase, the peak of G2 + M phase also decreased
in height at 24 h (Fig. 5). Thus, in this system, the cell progres
sion from Go-Gi to S was blocked and resulted in accumulation
of the cells in G0-Gi. These results suggest that PGA2 arrests
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Fig. 6. Percentage of cells in G0-Gi during continuous exposure to PGA2. The
cell distributions were obtained by quantitative analysis of the DNA histograms.
The percentages of cells in l .â€ž<., were plotted against time after l'( Â¿A.,treatment.

(O) untreated control, (A) 0.5 ng/ml, (â€¢)5.0 ng/ml of PGA2.

the cells in (>,,<>, and subsequently inhibits the cell growth of
HL-60 cells. Maximum accumulation in G0-Gi was noted at 24
h and 0.5 Mg/ml by 58%, and at 36 h and 5.0 Â¿zg/mlby 70%.
As shown in Fig. 6, the percentage of cells in G0-Gi was then
decreased, suggesting that this may also be due to the loss of
activity of PGA2 in culture medium.

DISCUSSION

PGs are bioactive substances and have many and important
physiological roles in a variety of tissues. Antiproliferative
effects of PGs on tumors have been described since the 1970s.
In 1976, Santoro et al. (2) demonstrated that PGE significantly
inhibited the rate of tumor cell proliferation in vitro. In 1979,
Honn et al. (5) showed that PGAi and PGA2 have a significant
antiproliferative effect, and this effect of PGs is not less than
that of known chemotherapeutic agents, such as doxorubicin,
cyclophosphamide, hydroxyurea, etc. Since then many investi
gators reported on antitumor PGs, which include cyclopenten-
one PGs, such as PGA2 and PGJ2, alkylidene-cyclopentenone
PGs, such as A7-PGA, and A12-PGJ2, and furthermore marine

eicosanoids, such as clavulones and punaglandins (7, 10, 13,
14, 17, 18,37-39).

The purpose of this study is to investigate the mechanism by
which PGs control cell proliferation. In the past, several work
ers reported that growth inhibition of cells by PGs is associated
with the inhibition of the synthesis of the cellular macromole-
cules including DNA, RNA, and proteins (1, 3, 6, 36, 40). It
was also thought that the action of PGs on macromolecular
synthesis was modulated through a cyclic AMP effect (41, 42).
However, recent reports indicated that the effects of PGs on
DNA synthesis and cell proliferation were independent of the
elevation of the cellular cyclic AMP level (11, 12, 15, 16).
Nevertheless the mechanisms of the growth-inhibitory effect of
PGs are not yet fully understood. In our experiments, the effect
of PGA2 on the cell cycle was to block cell progression from
Go-Gi to S; this result agreed with the data from other labora
tories (15-18). At the present time, it is understood that PGs
themselves play a significant role in control of cell cycle, block
DNA synthesis in S phase, and arrest the cells in Go-Gi.

Recently, Santoro et al. (19) demonstrated that PGA,, one
of the antitumor PGs, specifically decreased the synthesis of

two proteins and induced the synthesis of one protein in the
human erythroleukemia cell line, K562, the cell proliferation
of which was inhibited by PGA,. This suggests that antitumor
PGs may have the ability to regulate the expression of certain
specific genes. Our interest is focused on what kind of gene is
responsible for controlling the cells when antitumor PGs regu
late the expression of certain specific genes and subsequently
introduce the cells to G0-Gi arrest of the cell cycle. In this
study, the effects of PGA2 on c-myc expression were investi
gated. Our result showed that PGA2 markedly reduced the
steady state level of c-myc mRNA, while the level of class I
HLA mRNA as internal control was unaffected.

The c-myc gene codes for an approximately A/r 62,000 DNA-
binding protein localized in cell nuclei (20,43-45). The increase
of the c-myc expression is associated with neoplastic growth
(21). In naturally occurring tumors, mainly two events could
lead to increased c-myc expression (46): (a) a gene re
arrangement such as translocation between the immunoglobu-
lin locus and c-myc, which has been showed in Burkitt's lym-

phoma (47); (b) a gene amplification of c-myc as described in
the human promyelocytic leukemia cell line, HL-60 (48). The
current concept concerning the activation of c-myc in tumori-
genesis suggests that it is associated with the loss or disruption
of the control elements that enable the normal gene to be
switched off when cells stop dividing (28). At present, the exact
role of the c-myc gene product is not known. However, many
data from a number of laboratories have supported the idea
that the c-myc protein is closely associated with DNA synthesis,
cell cycle, and cell proliferation (22, 49-53). Thus, in order to
analyze the molecular basis of the abnormal activation of c-myc
in tumor cells, it is important to identify whether the suppres
sion of the c-myc is associated with growth arrest. It is of great
interest that when HL-60 cells were arrested in G0-G, and the
cell proliferation was inhibited by PGA2, c-myc mRNA level
was down-regulated.

Previous works have shown that the decrease in c-myc expres
sion in HL-60 cells treated with some differentiation inducers,
such as DMSO, 12-O-tetradecanoylphorbol-13-acetate, retinoic
acid, and 1,25-dihydroxyvitamin D3, is associated with the
inhibition of cell proliferation and cell differentiation (24-26).
However, our preliminary result with regard to cell differentia
tion indicated that, in the HL-60 cells used in our study, PGA2
did not induce any morphological changes and nitroblue tetra-
zolium reduction, while DMSO clearly induced granulocytic
differentiation (data not shown). Apart from this, two lympho-
kines, interferon and tumor necrosis factor, also have an inhib
itory effect on c-myc expression when cells are arrested in G0-
G, (27,28,54-56). These investigations show that many agents
cause Go-Gi arrest and decreased c-myc expression and suggest
that there are different mechanism in such events. In this paper,
our results showed that reduction of c-myc mRNA precedes the
arrest of G0-G, arrest. We suggest that the inhibition of c-myc
expression mediated by PGA2 may be in part related to the G0-
Gi arrest and the growth inhibition of HL-60 cells, but other
physiological changes, such as the levels of phosphoinositide-
derived second messengers, Ca2+ mobilization, and other on

cogene expression, may occur following PGA2 treatment. These
events may be also related to G0-G, arrest and growth inhibi
tion.

Further, cycloheximide did not prevent PGA2-mediated in
hibition of c-myc expression. This suggests that the action of
PGA2 does not require the synthesis of new proteins. Contrary
to our result, Shimizu et al. (57) showed that cycloheximide
partially protected PGD2 or A12-PGJ2 cytotoxicity in a human
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neuroblastoma cell line (NCG) and speculated that this inhibi
tor modulated the expression of a certain protein(s), which was
controlled by PGD2 or A12-PGJ2 in the cells. However, they

also showed that there was no protective effect in other human
neuroblastoma cell lines. Although the mechanism of the effect
of cycloheximide to PG action is unclear at present, we consider
that the protective effects of this agent to the PG-induced events
mostly depend on the nature of the individual cells.

In 1985 and 1986, Narumiya et al. (7, 8) demonstrated that
PGA2 and A12-PGJ2 were ultimate metabolites of PGE2 and

PGD2, respectively. They also showed that PGE2 and PGD2
themselves have little cytotoxicity and serve only as precursors
to active compounds. Furthermore, they found that PGA2 and
AI2-PGJ2 were actively incorporated into cells by a carrier-
mediated transport mechanism (36) and AI2-PGJ2 was partly

transferred to the nuclei, suggesting direct action of these PGs
on nuclei (37). It is thought that PGA2 and A12-PGJ2 may

regulate the expression of certain specific genes in the nuclei.
This report shows the possibility of the control of c-myc expres
sion by antitumor PGs. More precise mechanisms of action of
antitumor PGs should be examined in future studies.
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