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ABSTRACT The synthetic glucocorticoid dexamethasone
(1 uM to 1 pM) strongly (maximum > 80%) inhibits prolif-
eration of the A549 human lung adenocarcinoma line (ECsy >
1 nM) and leads to the appearance, or a further increase
(=3-fold) in the expression on the cell surface, of the calcium
and phospholipid binding protein lipocortin (annexin) 1. Both
these effects, which are shared by hydrocortisone (1 M) but
not by progesterone or aldosterone (1 uM), are inhibited by the
antiglucocorticoids RU38486 and RU43044 (1 uM). The non-
steroidal antiinflammatory drugs indomethacin (1 uM) and
naproxen (10 M) and human recombinant lipocortin 1 (0.05-
5.0 ug/ml) also produce growth arrest in this cell line. During
proliferation A549 cells spontaneously release prostaglandin E,
[10-20 ng (28-57 pmol) per ml per 5-day period] into the
growth medium. In concentrations that cause growth-arrest,
dexamethasone, indomethacin, and lipocortin 1 abolish the
generation of this eicosanoid by A549 cells. Prostaglandin E,
itself (0.01-1 pM) stimulates cell growth and partially reverses
(=50%) the inhibition of growth caused by dexamethasone and
indomethacin. Addition of the neutralizing anti-lipocortin 1
monoclonal antibody 1A (5 ug/ml), but not the nonneutral-
izing anti-lipocortin monoclonal antibody 1B, substantially
reversed (>80%) the inhibitory activity of dexamethasone on
both growth and prostaglandin E, synthesis. The generation of
prostaglandin E, by AS549 cells seems to be an important
regulator of cell proliferation in vitro and the dexamethasone-
induced suppression of proliferation in this model is attribut-
able to eicosanoid inhibition caused by lipocortin 1.

Glucocorticoids inhibit the proliferation of many cell types
including thymocytes (1), lymphocytes (2, 3), fibroblasts (4),
muscle (5), skin (6), leukemic cell lines (7, 8), and hepatoma
cells (9) in culture. The molecular mechanisms involved in
cell growth control have not been clarified although several
studies implicate eicosanoids as modulators of this aspect of
cell physiology (e.g., ref. 10). The biological actions of
glucocorticoids in many cells are brought about by discrete
changes in gene expression and protein synthesis (11, 12)
after combination with specific intracellular receptors. Sev-
eral, but apparently not all, cell types respond to glucocor-
ticoids with increased intracellular or pericellular amounts of
an eicosanoid-suppressive factor now identified as chiefly
lipocortin 1 (also known as annexin 1; for review, see ref. 13).
This protein, which is a member of a superfamily of proteins
characterized by their ability to bind calcium and anionic
phospholipids (14), has a variety of biological actions. For
example, systemic administration or extracellular application
of the protein inhibits eicosanaid generation (15), cytokine-
and poly(I)-poly(C)-induced fever (16, 17), acute inflamma-
tory oedema (18), neutrophil migration (19), and ischemic
damage to the brain (20) and causes differentiation of squa-
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mous carcinoma cells (21). In addition, lipocortins may play
arole in several other cellular processes including exocytosis
(22), chemotaxis (19), anticoagulation (23), growth-factor
signal transduction (24, 25), cellular differentiation (26), and
cell growth (27).

We now report that the synthetic glucocorticoid dexameth-
asone potently inhibits the growth of A549 cells in vitro and
that suppression of prostaglandin (PG) E, formation brought
about by a steroid-induced increase in pericellular lipocortin
1 seems to be a major mechanism controlling this response.

MATERIALS AND METHODS

Cell Culture. A549 cells (Flow Laboratories) were main-
tained in continuous logarithmic-phase growth in Dulbecco’s
modified Eagle’s medium/F-12 (DMEM/F-12; Sigma) con-
taining phenol red (Sigma) and 10% (vol/vol) fetal calf serum
(FCS; Flow Laboratories) in T-150 tissue culture flasks. The
cells were not allowed to reach confluence at any time as this
diminishes their response to steroids.

Cell Proliferation Experiments. Subconfluent A549 cells
were removed by treatment with 0.05% trypsin (Sigma)/
0.02% EDTA (Sigma) in phosphate-buffered saline (PBS) for
=5 min. The detached cells were seeded into 12-place mul-
tiwell plates (Flow Laboratories) at 5 x 10* cells per ml per
well in DMEM/F-12/10% FCS and incubated overnight. The
medium was replaced with DMEM/F-12 (without phenol
red), containing 10% dextran/charcoal-stripped FCS and
dilutions of the steroid or other drug or the appropriate
vehicle. During culture the medium was replenished every
other day. On the days indicated, cells were removed with
trypsin and counted in triplicate by using a Neubauer hemo-
cytometer. Viability was assessed routinely using the trypan
blue exclusion assay. Dexamethasone, hydrocortisone, al-
dosterone, progesterone, indomethacin, and naproxen were
from Sigma. RU38486 and RU43044 were generous gifts from
D. Philibert (Roussel-Uclaf, Romainville, France).

Lipocortin 1 Induction on the Cell Surface. To provide a
sufficient number of cells for measurement of cell surface
lipocortin 1 induction, subconfluent A549 cells were seeded
into T-75 flasks (Flow Laboratories) at 0.5 X 10° cells per
flask in 10 ml of DMEM/F-12/10% FCS and incubated
overnight. The medium was changed to 20 ml of DMEM/F-12
without phenol red but with 10% dextran/charcoal-stripped
FCS, and the cells were incubated for a further 5 days. The
appropriate steroids, steroid antagonists, or ethanol vehicle
were then added directly to each flask without a further
change of medium as fresh FCS itself can result in an
induction of lipocortin 1 (27). At various times after treatment
the medium was aspirated and the cell monolayers were
washed with 2 ml of PBS containing 1 mM EDTA. Total
protein in the washing was precipitated with 10% (wt/vol)
trichloroacetic acid, resuspended in 100 ul of electrophoresis
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sample buffer, and subjected to Western blot analysis for
lipocortin 1 expression.

Western Blot Analysis and Determination of Lipocortin 1
Expression. Western blot analysis employed conventional
procedures using the specific rabbit anti-lipocortin 1 antise-
rum 842 [a generous gift from J. Browning (Biogen Re-
search)]. Quantification of immunoreactive bands was made
using a video-scanning densitometer analysis system de-
signed by Roger Jagoe (Royal Postgraduate Medical School,
Hammersmith Hospital, London).

Lipocortin 1 and Neutralizing Anti-Lipocortin 1 Antibody
Experiments. Subconfluent A549 cells were seeded into 12-
place multiwell plates in DMEM/F-12/10% FCS at § x 10*
cells per ml per well and incubated for 18-24 h. The medium
was changed to DMEM/F-12 without phenol red and serum
supplements. Dexamethasone was added at a final concen-
tration of 2 nM and the neutralizing monoclonal antibody
[McABI1A (28), a generous gift from J. Browning] was added
at a final concentration of 5 ug/ml. Recombinant CHO-
derived lipocortin 1 [a gift from J. Browning, prepared
essentially as described (29)] was added in a serial dilution of
5, 0.5, and 0.05 pg/ml (140-1.4 nM). Fresh antibody or
lipocortin 1 was added each day and the cells were counted
after 4 days of treatment.

Measurement of PGE; Production. Medium from steroid- or
lipocortin-treated cell cultures was stored frozen at —70°C
and PGE, was subsequently estimated using a conventional
commercially available RIA procedure (Amersham).

Statistical Analysis. Results are expressed as the mean = 1

SD. Student’s ¢ test (unpaired) was used to determine sta-
tistical significance with P < 0.05 as the minimal value
indicating a significant result.

RESULTS
Effect of Glucocorticoids and Other Steroids on A549 Cell
Proliferation. Dexamethasone (1 uM to 1 pM) inhibited A549
cell proliferation in a dose-dependent fashion with a half-
maximal inhibition at =1 nM (Fig. 1). Cells treated for as little
as 2 h with 1 uM dexamethasone and then transferred to fresh
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FiG. 1. Dexamethasone arrests A549 cell proliferation in a dose-
dependent manner. Dexamethasone at 1 pM and 0.1 nM causes
significant inhibition relative to control (P < 0.01). All higher
concentrations are likewise inhibitory (P < 0.001). Each point
represents the cell count from three wells (mean + 1 SD). The data
shown are from one of three experiments that yielded similar results,
although the onset of the maximum inhibitory effect of the steroid
varied between 4 and 8 days of treatment. (Inser) AS49 cells
incubated with dexamethasone (1 uM) for 2, 4, 8, 24,48, and 72 h are
growth-arrested compared to control (P < 0.001, all points). Each
point is the cell count from three wells (mean *= 1 SD). This graph
shows one of two experiments yielding near identical results.
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medium without steroid were still growth-arrested compared
to control cells after 3 days of culture (Fig. 1 Inset).

At 10 nM, dexamethasone significantly (P < 0.001) inhib-
ited A549 cell proliferation after 8 and 12 days of treatment
(Fig. 2). This effect was prevented by 1 uM RU38486 at days
8 and 12 and by 1 uM RU43044 at day 12. The antiglucocor-
ticoids themselves (1 uM) have no significant effect on A549
cell proliferation. These data are congruent with the hypoth-
esis that the effect of dexamethasone is mediated through the
glucocorticoid receptor and additional evidence for this is the
fact that progesterone (1 uM) or aldosterone (1 uM, data not
shown) produces no significant inhibition of cell growth
whereas hydrocortisone (1 uM), another glucocorticoid, pro-
duces a qualitatively similar effect to dexamethasone (35 =
5.4% inhibition; P < 0.001; n = 2 experiments). Cells
displayed no morphological evidence of injury even after
exposure to the highest concentration of dexamethasone
used (1 uM) for 4 days and were >99% viable at this time
according to the trypan blue exclusion test.

In addition to the steroids, indomethacin, in a concentra-
tion that completely inhibits the cyclooxygenase enzyme (1
uM) caused 98 + 8.3% inhibition of cell growth and naproxen
(10 uM) reduced cell replication to 53.7 = 6.2% of the control
values.

Increases in Cell Surface Lipocortin 1 Induced by Gluco-
corticoids. In addition to decreasing cellular proliferation,
dexamethasone treatment concomitantly increased, in a
time-dependent manner, the amount of lipocortin 1 that could
be removed from the extracellular cell surface by washing
with EDTA. Fig. 3A shows that the amount of lipocortin 1
recovered from the cell surface was maximal 2-6 h after
dexamethasone treatment and returned to basal levels (within
24 h). Progesterone and aldosterone (1 M) had no effect on
lipocortin 1 expression at any time point (data not shown).

Fig. 3B also shows a Western blot analysis of an experi-
ment in which dexamethasone, in a dose-dependent fashion,
increased lipocortin 1 expression on the cell surface with a
maximum effect observed at 10 uM (densitometric analysis;
3.4-fold increase) after 4 h of treatment. The appearance of
lipocortin 1 at the cell surface could be caused by fresh
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FiG. 2. Time-dependent growth arrest of A549 cells by dexa-
methasone (D; 10 nM). The growth of dexamethasone-treated cells
is significantly inhibited relative to controls (C) at day 8 (P < 0.001)
and day 12 (P < 0.001). Growth arrest is blocked by RU38486 (1 uM);
dexamethasone plus RU38486 samples are significantly different
from dexamethasone alone at day 8 (P < 0.001) but are not signifi-
cantly different from untreated controls at day 12. Growth arrest is
also blocked by RU43044 (1 uM) at day 12, but dexamethasone plus
RU43044 is not significantly different from control. RU38486 or
RU43044 (1 uM) alone does not significantly affect growth. Proges-
terone (P; 1 uM) does not significantly affect growth. Each point is
the cell count of three wells (mean = 1 SD). The figure is a typical
example of three experiments.
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Fi1G. 3. Western blot analysis of lipocortin 1 expression on the
surface of A549 cells. (A) Time course of cell surface lipocortin 1
expression induced by 1 uM dexamethasone. The effect is maximal
at 2 h and returns to basal by 24 h. Densitometer readings are as
follows. Lanes: 1, 0 (0 h); 2, 0(0.5 h); 3,2.06 (1 h); 4, 16.37 (2 h); 5,
12.59 (4 h); 6, 3.06 (6 h); 7, 2.9 (8 h); 8, 0 (24 h). (B) Dose-dependent
induction of cell surface lipocortin 1 by dexamethasone. In this
experiment some lipocortin 1 was already present on the control
cells. Drugs were added as follows. Lanes: 1, none; 2, 0.1 uM
dexamethasone; 3, 1 uM dexamethasone; 4, 10 uM dexamethasone;
5,1 uM dexamethasone plus 1 uM RU38486; 6, 1 uM dexamethasone
plus 1 uM RU30433; 7, 1 uM RU38486; 8, 1 uM RU30433; 9, 1 nM
dexamethasone; 10, 1 nM dexamethasone plus 1 uM RU38486; 11,
1 nM dexamethasone plus 1 uM RU30433. Dexamethasone at 10 uM
caused a further 3.4-fold increase. The action of 1 uM dexametha-
sone was reduced by equimolar RU38486 but not by RU43044 (lanes
1-8) but expression caused by much lower concentrations (1 nM) was
strongly inhibited by both antiglucocorticoids at 1 uM (lanes 9-11).
Densitometer readings are as follows. Lanes: 1, 3.76; 2, 4.35; 3, 10.4;
4,12.7; 5,4.93; 6, 9.54; 7, 4.89; 8, 3.76; 9, 4.01; 10, 0.49; 11, 0.9.

synthesis of the protein or by translocation of preexisting
intracellular protein to the pericellular domain. Extracellular
lipocortin 1 always appeared as a doublet with molecular
masses of 37 and 33 kDa. The former is undoubtedly the
native species whereas the latter is a commonly encountered
N-terminal cleavage product.

The induction by dexamethasone of lipocortin 1 on the cell
surface was inhibited (51%) by an equimolar concentration (1
M) of RU38486 but an equimolar amount of RU43044,
which has a lower affinity for the glucocorticoid receptor,
was ineffective. However, when A549 cells were maintained
in medium containing lower concentrations of dexametha-
sone (1 nM), RU38486 or RU43044 (1 uM) substantially
reduced (90% and 80%, respectively) the appearance of
lipocortin 1 at the cell surface (Fig. 3B).

Effect of Recombinant Human Lipocortin 1 on A549 Cell
Proliferation. In three experiments, exogenous human re-
combinant lipocortin 1 was added to A549 cell cultures and
proliferation was assessed after 3 days. Fig. 4 shows one such
experiment in which a dose-related inhibition of cell prolif-
eration by lipocortin 1 was observed with significant effects
being detectable at 0.05 ug/ml (1.4 nM). In this particular
experiment the original cell number was 5 X 10*, which
tripled during the 4-day culture. Maximum inhibition of
replication was observed with lipocortin 1 at 0.5 ug/ml (14
nM), which gave =77% inhibition, approximately equivalent
to the inhibition produced by 0.5 uM dexamethasone.

Effect of the Anti-Lipocortin 1 Neutralizing Monoclonal
Antibody on Dexamethasone-Induced Cell Growth Arrest. The
dexamethasone-induced inhibition of AS549 cell growth is
substantially reversed by the lipocortin 1 neutralizing mono-
clonal antibody 1A. Fig. 4 Inset shows the result of an
experiment (one of four) in which addition of the antibody to
the culture medium at 5 pg/ml almost completely reversed
the inhibition of cell proliferation induced by 2 nM dexa-
methasone while having no effect on its own. To be fully
effective, it was necessary for the antibody to be replenished
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FiG. 4. Proliferation of A549 cells is inhibited by addition of
exogenous lipocortin 1 in a dose-dependent manner. Lipocortin 1
(0.05 ng/ml) was significantly inhibited relative to control (P < 0.04)
as was lipocortin (0.5 ug/ml) vs. control (P < 0.001) and lipocortin
(5 ug/ml) vs. control (P < 0.01). Each point represents the cell count
of three wells (mean + 1 SD). The histogram is one of two similar
experiments. The horizontal bar indicates the cell numbers at the
start of the study. The figures in the columns represent inhibition of
cell proliferation. (Inset) Growth arrest induced by dexamethasone
(20 nM) is reversed by the neutralizing monoclonal antibody 1A at 5
ung/ml. Dexamethasone (D)-treated samples showed significant in-
hibition of cell growth relative to control (P < 0.001). Monoclonal
antibody 1A and dexamethasone plus monoclonal antibody 1A (D +
1A) samples were not significantly different from control. Each bar
is the cell count from three wells (mean = 1 SD). The histogram is
typical of four experiments. The horizontal bar indicates the cell
numbers at the start of the study. The figures in the columns
represent inhibition of cell proliferation.

every day. The addition of the nonneutralizing anti-lipocortin
1 monoclonal antibody 1B had no effect at all at this con-
centration (data not shown).

Production of PGE, by A549 Cells. To assess the production
of PGE, by A549 cells, cells were cultured in T-150 flasks for
4 days to allow accumulation of easily measurable (10-15
ng/ml; 28—42 pmol) amounts of PGE, in the culture medium
during the growth period. This release is suppressed by
treatment of the cells with dexamethasone in a dose-
dependent fashion with half-maximal inhibition at =1 nM
(Fig. 5). The dexamethasone-induced suppression of PGE,
release is very rapid with a significant (P < 0.001) effect
occurring within 30 min of addition of the steroid and
persisting throughout the ensuing days of culture even when
the steroid is subsequently removed. In the presence of the
neutralizing monoclonal antibody 1A (5 ug/ml), the inhibi-
tion of PGE, by 1 nM dexamethasone was reduced from 77.0
+ 0.1% to 46.2 = 9.6% (P < 0.001; n = 1 experiment).

To test PGE,, the eicosanoid was added to wells containing
cells in fresh (i.e., containing no eicosanoids) medium. PGE,
had a biphasic action on cell growth with a mild (=25%, P <
0.01) stimulation observed at 0.01-1 pM but with inhibition of
cell proliferation observed at higher concentrations (Fig. 6).

To determine whether PGE, could reverse the actions of
dexamethasone or indomethacin, the eicosanoid was added
to cultures in which growth had been inhibited by the addition
of 1 nM dexamethasone or 1 uM indomethacin. Fig. 6 Inset
shows that PGE, on its own caused an ~38% stimulation of
cell growth when added to cells in this experiment and that
the inhibition by dexamethasone was substantially reduced in
the presence of 1 pM PGE,; (from =72% inhibition to 24%
inhibition). A similar effect was seen with indomethacin,
which itself caused 98.3 + 8.3% inhibition of cell growth, 1
pM PGE, caused 24.7 = 11% increase in cell proliferation,
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FiG.5. Dexamethasone (Dex;1 uM) inhibits PGE, production by
A549 cells. Each point represents the cell count of two samples
(mean * 1 SD). At all times from 0.5 h to 8 h, PGE, production was
inhibited relative to controls at time zero (P < 0.001). The graph is
typical of four experiments. (Inset) Dexamethasone inhibits PGE,
production by A549 cells in a dose-dependent manner. Each point is
the cell count of two samples (mean + 1 SD). P < 0.001, dexameth-
asone at 10 nM, 0.1 uM, and 1 uM vs. control; P < 0.05, dexameth-
asone at 1 nM vs. control. This experiment is one of two similar
experiments.

and the addition of PGE, to cells treated with indomethacin
reduced the drug-induced inhibition to 56 + 9.8%.

DISCUSSION

In this paper we report that dexamethasone causes a sub-
stantial inhibition of cell proliferation in the A549 adenocar-
cinoma human cell line. The magnitude of the inhibition is
typical of that observed in other glucocorticoid-sensitive cell
lines (1-9).

Interestingly, it is not necessary for the glucocorticoid to
be present throughout the entire experiment as incubating the
cells for as little as 2 h with dexamethasone, followed by
subculture into dexamethasone-free medium, is sufficient to
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FiG. 6. PGE; alters growth of A549 cells in a dose-dependent
manner. Growth with PGE; (1 pM) is significantly greater than in
control wells (P < 0.01) and 0.01 pM PGE; also has a significant
effect (P < 0.02). PGE; at 0.1 nM has no effect but PGE, at 10 nM
or at 1 uM is significantly inhibitory relative to control (P < 0.001).
Each point represents the cell count from three wells (mean + 1 SD).
The graph is typical of two experiments. (Inset) PGE; (1 pM) can
partially reverse the dexamethasone (D; 1 nM)-induced growth
arrest. Dexamethasone vs. controls (C) and dexamethasone plus
PGE, vs. dexamethasone alone were both significant (P < 0.001).
Each bar represents data from three wells (mean * 1 SD). This graph
is typical of two experiments. The horizontal bar indicates the cell
number at the start of the experiment and the figures in the columns
represent percentage inhibition of cell growth relative to the control.
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cause substantial suppression of cell growth. The data sug-
gest the presence of a signaling mechanism that may be
switched off by glucocorticoids in such a way as to effect a
long-lasting inhibition of cell replication. Whether glucocor-
ticoids, like tamoxifen (30), shift the cells into a ‘‘quiescent”
phase or whether some other mechanism obtains is not clear,
although our observations rule out any suggestion that the
steroids act by affecting the viability of cells.

The induction of lipocortin 1 by the glucocorticoids has
now been reported in many systems including human mono-
cytes both in vivo and in vitro (29, 31), rat macrophages and
thymus in vivo (32, 33), and human bronchoalveolar lavage
fluid (34). Some undifferentiated cells in culture do not
respond to glucocorticoids with an induction of lipocortin 1
(35), but induction can occur once the cells are differentiated
(36). Other work points to the importance of culture condi-
tions in studying synthesis of lipocortin 1 by cultured cells.
Schlaepfer and Haigler (27) observed that there was a peak of
lipocortin 1 synthesis by cells immediately after plating or
after replenishing the medium with fresh serum. This latter
effect could be duplicated by the addition of growth factors
such as epidermal growth factor. This clearly implies that
factors other than glucocorticoids can regulate the synthesis
of lipocortin 1 in cells and also suggests that if the cells are
already maximally expressing the protein, it is very difficult
to observe any further effect of the glucocorticoids, a fact that
may account for much contradictory data in the literature.

In our experiments, we have sought to reduce the inter-
ference from other factors by taking the following precau-
tions. (i) The cells were maintained in logarithmic-phase
growth and were not allowed to reach confluence as this
diminishes their responsiveness to corticosteroids (unpub-
lished observations). (ii)) We have used charcoal-stripped
FCS in the culture medium so that endogenous steroids and
possibly other low molecular weight cofactors in the serum
that might influence lipocortin 1 synthesis are removed. (iii)
We have incubated our cells for several days in steroid-free
medium prior to the addition of glucocorticoids to allow the
surge in lipocortin 1 synthesis that occurs after the plating
procedure to subside, thus allowing a more facile determi-
nation of the freshly synthesized protein.

Steroids can produce a dual effect promoting (i) the trans-
location of lipocortin 1 to the extracellular domain and then
(ii) an increased synthesis taking place over a longer time
span (37). Although lipocortin 1 has no signal sequence, there
are several reports suggesting that the protein can be recov-
ered from the pericellular domain of cells and in some cases
is present in quite high concentrations in secretory fluids such
as prostatic secretion (38). Browning et al. (29), in their study
on human monocyte synthesis of lipocortin that used radio-
active methionine-labeling techniques, clearly observed the
presence of a labeled protein on the external cell surface. This
has also been seen in other studies using an ELISA and other
detection techniques (31). Because lipocortin 1 can produce
biological actions when added directly to cells, or given
systemically to animals, and because of the existence of a
lipocortin binding protein on the surface of several cell types
(39), we have speculated that this pericellular pool is biolog-
ically important. Therefore, in analyzing the effect of gluco-
corticoids on lipocortin 1 synthesis, we have paid special
attention to this pool and indeed find that it increases after
glucocorticoid treatment. These subtle changes in lipocortin
1 disposition are certain to be missed if the total cellular
lipocortin is simply assayed after lysis of the cells in deter-
gent-containing buffers and this may explain some contra-
dictory data in the literature.

A further indication that cell surface lipocortin 1 is the
biologically important pool in A549 cells comes from our
experiments with the neutralizing monoclonal antibody 1A.
This is a well-characterized monoclonal antibody and has
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been reported (21) to reverse some actions of glucocorticoids.
In our hands monoclonal antibody 1A, but not the nonneu-
tralizing monoclonal antibody 1B, at S ug/ml was able
virtually to reverse the inhibitory activity produced by an
ECs, concentration of dexamethasone. There are now sev-
eral reports (16, 20, 21) that antibodies to lipocortin 1 can
interfere with the effects of antiinflammatory steroids and it
is difficult to explain these data other than on the basis that
there is an extracellular or pericellular pool of lipocortin that
is biologically active and that this pool is altered by gluco-
corticoid steroids.

The mechanisms whereby dexamethasone and lipocortin 1
produce an arrest of cell growth are not entirely clear. Our
results suggest that these agents interfere with the production
of an eicosanoid, which is important in regulating cell prolif-
eration. Many workers have suggested that eicosanoids can
modulate cell growth although the actual nature of these
metabolites and the direction of the regulation seem to vary
from model to model. For example, some authors suggest that
lipoxygenase products are important mediators of cell prolif-
eration (e.g., ref. 40) whereas eicosanoids such as PGE, have
generally been shown to be growth inhibitory (e.g., ref. 41).

Our data clearly show that A549 cells constitutively release
large amounts of PGE, into the culture medium. Glucocor-
ticoids are well-known to suppress PGE, release and an early
experiment with indomethacin showing that this too had
growth inhibitory effects led us to believe that it was the PGs
rather than the lipoxygenase products that were active. Our
dose-response studies with PGE, indicate that the effects of
PGE,; on cell growth are biphasic with a moderate stimulation
occurring at low doses and growth suppression occurring at
concentrations >0.1 nM. Although we were able to reverse
drug-induced inhibition of proliferation with PGE,, we were
never able totally to restore proliferation to its control level.
This observation could indicate that there are other factors
(possibly other eicosanoids) that are also important in con-
trolling proliferation in this system.

It is interesting to note that the time course for inhibition
of PGE, production by dexamethasone corresponded very
closely to that of the induction of lipocortin 1, that the
addition of the recombinant lipocortin 1 protein also leads to
a total inhibition in PGE, in this system, and that the
neutralizing monoclonal antibody provided some protection
from the dexamethasone effect. This provides strong evi-
dence for a causal link between the two events.

In summary these experiments show that glucocorticoids
have a dramatic effect on the growth of the A549 human
adenocarcinoma cell line in culture and point to one mech-
anism whereby this may occur; namely, the induction of cell
surface lipocortin 1 followed by a fall in eicosanoid produc-
tion, possibly PGE,, leads to changes in cell growth. No
doubt there are many mechanisms whereby such complex
agents as steroids can regulate cell replication (42) and it will
be interesting to see whether this mechanism is common to
many other cell types or is unique to the A549 adenocarci-
noma cell line.

We thank Mr. Q. Choudhury, Ms. Olivia O’Gorman-Lalor, and
Ms. Amanda Taylor for important technical assistance and Ms.
Janine Clarke for preparing the manuscript. J.D.C. was supported by
The Wellcome Trust and R.J.F. by an endowment from Lilly.

1. Makman, M. H., Dvorkin, B. & White, A. (1968) J. Biol.
Chem. 243, 1485-1497.

2. Hofert, J. F. & White, A. (1968) Endocrinology 82, 767-776.

3. Hofert, J. F. & White, A. (1968) Endocrinology 82, 777-78S.

4. Pratt, W. B. & Aronow, L. (1966) J. Biol. Chem. 241, 5244—

5250.

Munck, A. (1971) Perspect. Biol. Med. 14, 265-269.

Bullough, W. S. (1955) Vitam. Horm. (N.Y.) 13, 261-292.

o

10.

11.
12.

13.
14.

15.
16.

17.
18.

19.
20.

21.

22.

23.

24,

25.

26.

27.

28.
29.

30.
31.

32.

33.
34.

35.
36.
37.
38.
39.

41.
42.

Proc. Natl. Acad. Sci. USA 89 (1992) 3575

Rosen, J. M., Fina, J. J. & Milholland, R. J. (1970) J. Biol.
Chem. 245, 2074-2080.

Mukherjee, A. B., Waite, R. G. & Cohen, M. M. (1972) Cancer
Res. 32, 1833-1836.

Loeb, J. N., Borek, C. & Yeung, L. L. (1973) Proc. Natl.
Acad. Sci. USA 70, 3852-3856.

Cyran,J. A.,Lysz, T. W. & Lea, M. A. (1990) Prostaglandins
Leukotrienes Essent. Fatty Acids 39, 311-317.

Ivarie, R. D. & O’Farrell, P. H. (1978) Cell 13, 41-48.
Ivarie, R. D., Baxter, J. D. & Morris, J. A. (1981) J. Biol.
Chem. 256, 4520-4528.

Flower, R. J. (1988) Br. J. Pharmacol. 94, 987-998.

Geisow, M. J. & Walker, J. H. (1986) Trends Biochem. Sci. 11,
420-423.

Cirino, F. & Flower, R. J. (1987) Prostaglandins 34, 59-62.
Carey, F., Forder, R., Edge, M. D., Greene, A. R., Horan,
M. A., Strijbos, P. J. L. M. & Rothwell, N. J. (1990) Am. J.
Physiol. 259, R266-R269.

Davidson, J., Flower, R. J., Milton, A. S., Peers, S. H. &
Rotondo, D. (1991) Br. J. Pharmacol. 102, 7-9.

Cirino, G., Peers, S. H., Flower, R. J., Browning, J. L. &
Pepinsky, R. B. (1989) Proc. Natl. Acad. Sci. USA 86, 3428—
3432.

Errasfa, M. & Russo-Marie, F. (1989) Br. J. Pharmacol. 97,
1051-1058.

Relton, J. K., Strijbos, P. J. L. M., O’Shaughnessy, C. T.,
Carey, F., Forder, R. A., Tilders, F. J. H. & Rothwell, N. J.
(1991) J. Exp. Med. 174, 305-310.

Violette, S. M., King, 1., Browning, J. L., Pepinsky, R. B.,
Wallner, B. P. & Sartorelli, A. C. (1990) J. Cell. Physiol. 142,
70-77.

Burgoyne, R. D. (1988) Nature (London) 331, 20.

Romisch, J., Schorlemmer, U., Fickenscher, K., Paques, E. &
Heimburger, N. (1990) Thromb. Res. 60, 355-366.

Pepinsky, R. B. & Sinclair, L. K. (1986) Nature (London) 321,
81-84.

Karasik, A., Pepinsky, R. B., Shoelson, S. E. & Kahn, C. R.
(1988) J. Biol. Chem. 263, 11862-11867.

William, F., Mroczkowski, B., Cohen, S. & Kraft, A. S. (1988)
J. Cell. Physiol. 137, 402-410.

Schlaepfer, D. D. & Haigler, H. T. (1990) J. Cell. Biol. 111,
229-238.

Pepinsky, R. B., Sinclair, L. K., Douglas, I., Liang, C., Law-
ton, P. & Browning, J. L. (1990) FEBS Lett. 261, 247-252.
Browning, J. L., Ward, M. P., Wallner, B. P. & Pepinsky,
R. B. (1990) in Cytokines and Lipocortins in Inflammation and
Differentiation, eds. Melli, M. & Parente, L. (Wiley-Liss, New
York), pp. 27-45.

Sutherland, R. L., Reddel, R. R. & Green, M. D. (1983) Eur.
J. Cancer Clin. Oncol. 19, 307-318.

Goulding, N. J., Godolphin, J. L., Sharland, P. R., Peers,
S. H., Sampson, M., Maddison, P. J. & Flower, R. J. (1990)
Lancer 335, 1416-1418.

Wallner, B. P., Mattaliano, R. J., Hession, C., Cate, R. L.,
Tizard, R., Sinclair, L. K., Foeller, C., Chow, E. P., Brown-
ing, J. L., Ramachandran, K. L. & Pepinsky, R. B. (1986)
Nature (London) 320, 77-81.

Fuller, P. J. & Verity, K. (1989) J. Immunol. 143, 1015-1017.
Smith, S. F., Tetley, T. D., Guz, A. & Flower, R. J. (1990)
Environ. Health Perspect. 85, 135-144.

Isacke, C. M., Lindberg, R. A. & Hunter, T. (1989) Mol. Cell.
Biol. 9, 232-240.

Solito, E., Raugei, G., Melli, M. & Parente, L. (1991) FEBS
Lett., in press.

Blackwell, G. J., Carnuccio, R., Di Rosa, M., Flower, R. J.,
Parente, L. & Persico, P. (1980) Nature (London) 287, 147-149.
Haigler, H. & Christmas, P. (1990) Biochem. Soc. Trans. 18,
1104-1106.

Goulding, N. J., Luyning, P. & Guyre, P. M. (1990) Biochem.
Soc. Trans. 18, 1237-1238.

Glasgow, W. C., Barrett, J. C. & Eling, T. E. (1991) in Ei-
cosanoids and Other Bioactive Lipids in Cancer and Radiation
Injury, eds. Honn, K. V., Marnett, L. J., Nigam, S. & Walden,
T. (Kluwer, Boston), pp. 359-362.

Goldyne, M. E., Rea, L. & Goldyne, S. E. (1990) Adv. Pros-
taglandin Thromboxane Res. 21, 835-838.

Bailey, J. M. (1991) Biofactors 3, 97-102.



