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p36 and p35 are distinct but related proteins that share many structural and biochemical features which were
first identified as major substrates for protein-tyrosine kinases. Subsequently, both proteins have been shown
to be Ca2+-, phospholipid-, and F-actin-binding proteins that underlie the plasma membrane and are
associated with the cortical cytoskeleton. Recent reports have claimed that these proteins function as
lipocortins, i.e., phospholipase A2 inhibitors that mediate the anti-inflammatory action of glucocorticoids. To
investigate this possibility and to learn more about the functions of p36 and p35, we used human-specific
anti-p36 and anti-p35 monoclonal antibodies to determine whether the expression or secretion of either protein
was inducible by dexamethasone in the human U-937 myeloid cell line and in other human cell types.
Additionally, we examined the levels of mRNA for both proteins. No effect of dexamethasone was observed on
p36 or p35 expression at either the mRNA or protein level, nor were these proteins secreted under any of the
culture conditions investigated. However, it was observed that in these cells the rate of synthesis and
accumulation of both proteins was increased when the U-937 cells were induced to differentiate in culture to
adherent macrophagelike cells. This offers a model system with which to study the control of p36 and p35
expression.

p36 and p35 were initially identified as major substrates for
protein-tyrosine kinases (9, 14, 15, 20, 39, 52, 53, 58).
Subsequently, their biochemical properties have been inves-
tigated in great detail, and this has led to their being termed
calpactin I (p36) and calpactin II (p35) (21) or lipocortin I
(p35) and lipocortin II (p36) (37). For clarity we will use the
names p36 and p35 throughout. What has emerged from
these studies is that the two proteins share many structural
and functional features. First, both proteins bind Ca2 ,
anionic phospholipids, and F-actin (12, 15, 19, 21, 22).
Second, p35 and p36 are both abundant cellular proteins
which are localized to the cortical cytoskeleton underlying
the plasma membrane (24, 27, 47, 51). Third, p35 and p36 are
both able to inhibit phospholipase A2 (PLA2) in vitro (11, 28,
36, 37, 49). Finally, the structure of p35 and p36 predicted
from cDNA clones has revealed an overall structural simi-
larity and -50% amino acid identity (37, 42, 57, 62). Each
protein has a short unique N-terminal sequence followed by
four copies of a 75-amino-acid repeat. This repeat has been
found in several other Ca2+- and phospholipid-binding pro-
teins with similar properties, and on this basis it has been
proposed that this family of proteins be called annexins (18).
Two distinct functions for p36 and p35 have been pro-

posed. First, their abundance, subcellular localization, and
binding properties suggest that their function in vivo is in
part structural and involves interaction with the plasma
membrane and underlying protein components of the corti-
cal skeleton. In this context, p36 has also been implicated in
the secretion process by its ability to promote membrane
vesicle fusion in vitro in the presence of Ca2+ (13).
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Second, their ability to inhibit PLA2 in vitro suggests that
p36 and p35 might function to regulate PLA2 in vivo.
Evidence that PLA2 activity can be regulated in vivo comes
from the ability of glucocorticoid steroids, such as dexame-
thasone, to suppress inflammation (17). The inflammatory
response is induced by leukotrienes, prostaglandins, and
other eicosanoid compounds, which are synthesized from
arachidonic acid released by PLA2 hydrolysis of phospho-
lipids. The mechanism by which glucocorticoids act to
reduce arachidonic acid release is not fully understood, but
there is evidence implicating a group of proteins that are
secreted from macrophages in response to glucocorticoids
and that can act on other cells to inhibit arachidonic acid
release (2, 16, 17, 32, 35). These proteins have been termed
lipocortins (previously known as either macrocortins or
lipomodulins). Lipocortins are formally defined as proteins
whose production and secretion is induced by glucocorti-
coids and which act extracellularly to inhibit eicosanoid
production. Lipocortin activity can be measured as an
inhibition of eicosanoid release both in cell culture and in
model inflammation response systems in animals. There is
some evidence that the activity of lipocortins can be modu-
lated by phosphorylation (31, 33). In consequence, it is
presumed that lipocortins act to regulate PLA2 activity.
However, there is no evidence from the biological assays
that lipocortins act directly on PLA2 itself rather than
through a pathway leading to PLA2.
On the assumption that lipocortins would act directly to

inhibit PLA2, Pepinksy and his colleagues purified a poly-
peptide with lipocortin activity from rat peritoneal exudate
using a PLA2 inhibition assay (49). This led to the isolation
and subsequent cloning of lipocortin I, which was then
shown to be identical to p35 (62). The level of lipocortin I
mRNA was found to be increased in peritoneal cells follow-
ing dexamethasone treatment, but no change in protein level
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was observed (62). Similar increases in lipocortin I mRNA
were reported to occur when the U-937 human monocytic
cell line was treated with dexamethasone (62). In keeping
with the idea that this protein is a true lipocortin, recombi-
nant lipocortin I has been shown to have anti-inflammatory
activity in an in vivo assay (6). In a later study, a second
polypeptide with lipocortin activity was purified that proved
to be identical to p36 (37). Lipocortin II behaves similarly to
lipocortin I in the PLA2 inhibition assay (37).
Although these studies suggest a role for lipocortins I and

II in the anti-inflammatory effects of steroids, there are a
number of facts that are inconsistent with this notion. First,
in many cell types p35 and p36 are very abundant proteins
(21). Thus, steroids would not be expected to induce rapid
changes in p35 or p36 levels, although secretion of pre-
formed protein could occur in response to steroids. Second,
p35 and p36 have been shown to inhibit PLA2 by an indirect
mechanism involving sequestration of phospholipid sub-
strate rather than by direct interaction with the enzyme (11,
28). Third, neither p35 nor p36 has a conventional signal
peptide for entry into the cellular secretion pathway (37, 42,
57, 62), which precludes secretion of these proteins by a
conventional mechanism.

In an attempt to understand more about the function of
p36 and p35 and to determine whether their expression could
be modulated by steroids in a fashion consistent with a role
as lipocortins, we have examined their expression in U-937
cells under a variety of conditions. The initial reason for
choosing this cell line was that Wallner et al. (62) isolated a
lipocortin I (p35) cDNA from a U-937 cell library and stated
that there was an increase in the level of p35 mRNA when
the cells were treated with dexamethasone. Further, Hattori
et al. (30) reported that treatment of U-937 cells with
dexamethasone induced lipocortin production.
A second reason for examining U-937 cells was that they

can be induced to differentiate in vitro from an immature
monocytic phenotype into adherent macrophagelike cells by
the addition of phorbol esters (48, 61). Preliminary experi-
ments demonstrated that the levels of p36 and p35 in
nondifferentiated U-937 cells were much lower than in
cultured fibroblasts or epithelial cells. We were interested in
determining whether alteration of the culture conditions or
induction to differentiate could alter the expression of p36 or
p35 and thereby provide a model system with which to
investigate their possible function.

MATERIALS AND METHODS

Cells. U-937 (61) and HL-60 (8) cells were obtained from
Richard Mitchell (The Salk Institute) and cultured in RPMI
1640 containing 10% (vol/vol) fetal bovine serum (FBS). To
induce differentiation, cells were plated at 2 x 105/ml in
RPMI 1640 plus 10% FBS, left for 16 h, and then treated with
either 50 ng of 12-O-tetradecanoylphorbol 13-acetate (TPA)
(Sigma Chemical Co., St. Louis, Mo.) per ml dissolved in
dimethyl sulfoxide (DMSO) at 50 ,ug/ml, 1 ,uM retinoic acid
(trans-retinoic acid; Calbiochem-Behring, La Jolla, Calif.)
dissolved in ethanol at 1 mM, or 1.25% (vol/vol) DMSO
(Sigma) for the required period of time. Differentiation status
was monitored by morphological changes and division rates.
Differentiated or undifferentiated cells were treated with
dexamethasone (Sigma) dissolved in H20 as indicated in the
figure legends. AG1523 cells obtained from NIA Aging Cell
Repository, Institute for Medical Research, Camden, N.J.,
were cultured in Dulbecco-Vogt modified Eagle medium
containing 10% FBS.

Monoclonal antibodies. The anti-human p36 monoclonal
antibodies (MAbs) (D1/274 and B1/107) have been described
in Isacke et al. (38). The anti-human p35 MAb (74/3) was
generated in a manner identical to that described for D1/274
and B1/107 (38). Essentially, BALB/c mice were immunized
with AG1523 human fibroblasts, the spleens from immune
mice were removed and fused with Sp2/0 myeloma cells, and
the supernatants from the resulting hybridomas were
screened for their ability to immunoprecipitate protein from
1251I-labeled or [35S]methionine-labeled AG1523 cells. The
74/3 hybridoma was cloned by limiting dilution, and the
resulting stable cell line was shown to secrete immunoglob-
ulin of the IgGl subclass.

Labeling and immunoprecipitation of p36 and p35. For
long-term labeling with [35S]methionine, cells were washed
two times with methionine-free RPMI 1640 and then sus-
pended at 1 x 106 cells per ml of methionine-free RPMI 1640
supplemented with 5% (vol/vol) RPMI 1640, 5% (vol/
vol) dialyzed FBS, and 300 ,uCi of [35S]methionine (>1,000
Ci/mmol) (Amersham Corp., Arlington Heights, Ill.). After 6
or 16 h, cells were pelleted, the supernatants were retained,
and the cells were lysed in RIPA buffer (60). The superna-
tants were either immunoprecipitated directly or added to an
equal volume of 2 x RIPA buffer before immunoprecipita-
tion. For pulse-labeling, cells were cultured for the indicated
periods of time, gently pelleted, and suspended in methio-
nine-free RPMI 1640 containing [35S]methionine. After 30
min, the cells were pelleted and lysed in RIPA buffer. Cell
lysates were clarified by centrifugation, and a portion of each
was precipitated with trichloroacetic acid to determine the
amount of [35S]methionine incorporated into protein. Equal
amounts of precipitable [35S]methionine counts per minute
were used for each immunoprecipitation. Lysates were
precleared for 30 min with 1% (vol/vol) fixed Staphylococcus
aureus bacteria (Pansorbin; Calbiochem-Behring). Immuno-
precipitations were then performed as described by Sefton et
al. (60) and resolved on 15% sodium dodecyl sulfate-poly-
acrylamide gels. Where indicated, gels were enhanced with
diphenyloxazole before being dried and exposed to presen-
sitized Kodak XAR X-ray film. Peptide mapping was done as
described previously (1).
Western blotting. Immunoblotting of p36 was performed

exactly as described by Gould et al. (25) using a polyclonal
anti-chicken p36 serum (10).

Northern (RNA) blot analysis. Total cellular RNA was
isolated by the guanidine thiocyanate method (5). Nitrocel-
lulose (Schleicher & Schuell, Inc., Keene, N.H.) blots were
made from formaldehyde gels (1 or 1.4% agarose) and
hybridized as described by Maniatis et al. (44). The blots
were washed to a final stringency of 0.2x SSPE at 420C.
Hybridization probes were labeled by nick translation (44).
The p36 probe was a 733-base-pair HindIII-XbaI fragment
from the murine cDNA clone isolated by Saris et al. (57). A
human p35 clone was isolated by screening a HeLa cell
cDNA library provided by Steven Hanks (The Salk Institute)
(29) with a 32-mer complementary to nucleotides -5 to 27 of
p35 as reported by Wallner et al. (62). The p35 probe used for
Northern analysis was the 1,301-base-pair AatII-EcoRI frag-
ment, which encompasses nearly the entire human p35
coding sequence. A 168-base-pair BamHI-PvuII fragment
from the coding region of human metallothionein IIA was
provided by Michael Karin (University of California, San
Diego) (41). For densitometry of Northern blots, ,-actin
mRNA levels were used as an internal standard. The probe
was the entire cDNA insert described by Cleveland et al. (7).
Densitometric scanning of autoradiograms and signal inte-
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FIG. 1. Immunoprecipitation of human p35 and p36. A 35-mm
dish of A431 cells was labeled for 16 h in 1 ml of methionine-free
Dulbecco-Vogt modified Eagle medium containing 5% dialyzed
FBS, 5% Dulbecco-Vogt modified Eagle medium, and 300 ,uCi of
[35S]methionine. Cell lysates (in 1 ml of RIPA buffer) were prepared,
divided into three parts, and immunoprecipitated as described in
Materials and Methods. The gel was exposed for 7 h. Markers are in
kilodaltons. B1/107, Anti-human p36; 74/3, anti-human p35; and
74/8, an irrelevant MAb derived from the same fusion as 74/3.

gration was done with a Quick Scan RD (Helena Laborato-
ries) within a predetermined linear range of response.

RESULTS
Characterization of MAb 74/3 (anti-human p35). A MAb

against human p35 (MAb 74/3) was isolated by screening
hybridoma supernatants for their ability to immunoprecipi-
tate a 35-kilodalton protein from human cell lines. As shown
by analysis of immunoprecipitates made from A431 cells, the
protein recognized by MAb 74/3 migrates on reducing so-
dium dodecyl sulfate-polyacrylamide gels with a slightly
slower mobility than human p36 (Fig. 1). This mobility is
characteristic of p35 as shown by Glenney et al. (21, 24) and
is predicted from a sequence comparison of the two proteins
(37, 57). To characterize this protein further, the bands
immunoprecipitated by the anti-p36 MAb (MAb B1/107) and
MAb 74/3 were excised from the gel shown in Fig. 1, eluted,
and digested with trypsin. The resulting [35S]methionine-
labeled peptides were resolved in two dimensions and com-
pared with [35S]methionine-labeled tryptic peptides from
human p35 immunoprecipitated by a cross-reactive rabbit
polyclonal serum generated against bovine p35 (24). The
pattern of 35S-labeled peptides from the protein immunopre-
cipitated by MAb 74/3 was identical to that of the p35
immunoprecipitated with anti-p35 polyclonal serum (data
not shown). Furthermore, when the pattern of p35 tryptic
peptides was compared with that of p36, all were completely
different except for one common methionine-containing
tryptic peptide (data not shown). A single common methio-
nine-containing peptide, Ile-Met-Val-Ser-Arg, is predicted
from a comparison of the protein sequences of p35 (residues
299 to 303) and p36 (residues 291 to 295) (37, 57).
MAb 74/3 does not cross-react with chicken, mouse, rat,

or bovine p35, nor does it detect denatured human p35 as

07

p36

FIG. 2. Short-term treatment of U-937 cells with TPA or dexa-
methasone or both. U-937 cells (1.3 x 106) were incubated overnight
in 1.5 ml of RPMI 1640 plus 10% FBS. The next day the cells were
labeled in 1 ml with 300 pCi of [35S]methionine for 6 h as described
in Materials and Methods. Where indicated, 10 p.M dexamethasone
and 50 ng of TPA per ml were added to the cells singly or in
combination for either the whole labeling period or for the last hour.
Culture supernatants and cell lysates (in 1 ml of RIPA buffer) were
prepared, divided into two, and immunoprecipitated either with
MAb D1/274 (anti-p36) or MAb 74/3 (anti-p35) as outlined in
Materials and Methods. Enhanced gels were exposed as follows: A,
Cell lysates (14 h); B, culture supernatants (14 h); C, same as panel
B except exposure time was 6 days. The lane (m) to the left of the
p35 immunoprecipitations is a control p36 immunoprecipitation
included to show the relative mobilities of the two proteins in this gel
system. Markers are in kilodaltons.

assayed by immunoblotting. Since MAb 74/3 does not bind
directly to S. aureus bacteria, in all the immunoprecipitation
expenments described here a rabbit anti-mouse immuno-
globulin second-layer antibody was used. When used at
saturating levels, MAb 74/3 immunoprecipitated the same
amount of p35 from A431 cells as a polyclonal rabbit
antiserum raised against bovine lung p35 (24). For this
reason, we believe that MAb 74/3 recognizes the majority of
the cellular p35 and not a select subpopulation.
Dexamethasone does not induce the synthesis or secretion of

p36 or p35. A large number of experiments were performed
to determine whether the treatment of U-937 cells with the
synthetic glucocorticoid dexamethasone had any effect on
the levels, rates of synthesis, or secretion of p36 and p35. In
the experiment shown in Fig. 2, U-937 cells were labeled for
a total of 6 h with [35S]methionine, and dexamethasone or
TPA or both were present for the whole labeling period or
for the last hour. Under such conditions, neither protein was
detected in the culture supernatants (panel B) even if the gels
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FIG. 3. Long-term dexamethasone treatment of U-937 cells.
U-937 cells (1 x 106) were cultured in 1 ml of methionine-free RPMI
1640 containing 5% RPMI 1640-5% dialyzed FBS together with 10
,iM dexamethasone and 20 ng of TPA per ml singly or in combina-
tion where indicated. During this incubation, half of the samples
contained 300 ±LCi of [35S]methionine. After 16 h, the unlabeled cells
were pelleted and suspended in 150 ,ul of methionine-free RPMI 1640
containing 150 ILCi of [35S]methionine for 30 min. Culture superna-
tants and cell lysates (in 0.5 ml of RIPA buffer) were prepared and
immunoprecipitated with MAb D1/274 (anti-p36) as described in
Materials and Methods. Enhanced gels were exposed for 18 h. C,
Cells; S, supernatants. Markers are in kilodaltons.

were exposed for a 10-fold-longer period of time (panel C).
In addition, there was no alteration in the amounts of labeled
p36 or p35 immunoprecipitated from these cells. To deter-
mine whether our inability to detect such changes was due to
our culture or labeling conditions, many experimental vari-
ables were examined. For example, U-937 cells were either
labeled to equilibrium for 16 h with [35S]methionine in the
presence or absence of dexamethasone, or they were incu-
bated for 16 h with dexamethasone and then pulse-labeled
with [35S]methionine for 30 min prior to immunoprecipita-
tion with the p36-specific MAb D1/274 (Fig. 3). The former
condition provides a measure of the total amount of immu-
noprecipitable p36 present, whereas the latter reflects the
rate at which it is being synthesized. Again, there was no
detectable change in the expression of p36, and no p36 was
detected in the culture supernatants (Fig. 3). We have
performed these experiments under different labeling condi-
tions, with variable amounts of dexamethasone, with or
without TPA, and for different lengths of dexamethasone
treatment time. No effect of dexamethasone treatment on
either p36 or p35 expression was ever observed.
To confirm that glucocorticoids have no effect on the

expression of the p36 and p35 genes in U-937 cells, we
examined the mRNA levels in cells after dexamethasone
treatment. Incubation of the cells for 1 or 6 h with dexameth-
asone or TPA or both had little effect on the levels of p35
mRNA (Fig. 4A). Densitometric scans of Northern blots
showed that neither p36 nor p35 mRNA levels change in
response to dexamethasone (Fig. 4B). TPA caused a slight
increase in the levels of both mRNAs, but dexamethasone
plus TPA showed no increase over TPA alone. As a control,
these blots were also probed for metallothionein "A mRNA
expression. Glucocorticoids are known to induce metallo-
thionein in a number of different cell types (40, 54), and in
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FIG. 4. Northern blot analysis of U-937 cells treated with dexa-
methasone or TPA or both. U-937 cells were incubated overnight in
RPMI 1640 containing 10%o FBS. The following day, 10 ,uM dexa-
methasone or 50 ng of TPA per ml or both were added where
indicated for 1 or 6 h. The cells were then lysed in guanidine
thiocyanate for preparation of whole-cell RNA. RNA (10 p.g) was
electrophoresed on formaldehyde gels and transferred for Northern
analysis as described in Materials and Methods. Two identical blots
were incubated with probes either for p36 or for p35 and metallo-
thionein "IA (A) Blot of U-937 RNA probed simultaneously for p35
and metallothionein IA expression. Exposure time was 4 days at
-70°C with an intensifying screen. (B) Densitometric scan of p36,
p35, and metallothionein IA RNA levels in U-937 cells treated with
TPA or dexamethasone or both. Sixteen-hour exposures of the blots
were used for densitometry. The fold increase was normalized
against the same blots probed subsequently with actin cDNA.
Symbols: *, dexamethasone; 0, TPA; x, both.

U-937 cells we found that the level of metallothionein ,A
mRNA increased -3-fold when the cells were treated for 6 h
with dexamethasone and -29-fold when the cells were
treated for 6 h with both dexamethasone and TPA. There-
fore, the failure of dexamethasone to induce p36 and p35
expression is not due to these cells being refractory to the
effects of glucocorticoids.

It should be noted that treatment of U-937 cells for long
periods of time (>16 h) with high concentrations of dexa-
methasone (10 ,uM) did occasionally result in the appearance
of p36 and p35 in the culture supernatants. Extensive exper-
iments with p36 subsequently demonstrated that this mate-
rial is almost certainly associated with cell debris and results
from cell death due to the prolonged steroid treatment. The
evidence that cell death rather than some active secretion or
exocytosis mechanism is responsible for p36 in the culture
medium is as follows. (i) Under these conditions, p36 was
found in the culture medium in only 20% of the experiments.
(ii) The level of p36 in the medium was variable and always
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less than 5% of that in the cell lysate. (iii) The protein was

never detected in the culture medium unless the medium was

first treated with 2 x RIPA buffer, suggesting that any protein
present was not freely soluble. In addition, >90% of the p36
present could be pelleted by centrifugation of the superna-
tants at 10,000 x g for 10 min. (iv) When samples of the
35S-labeled culture medium were run directly on gels and not
subjected to immunoprecipitation, it could be seen that there
was a multitude of proteins secreted and that their levels all
increased after dexamethasone treatment, including proteins
such as actin known not to be secreted (data not shown).
Together these experiments suggest that any p36 or p35 in
the culture medium is not present as the result of a specific
mechanism, but rather that it is associated with cellular
debris resulting from cell lysis under these harsh culture
conditions.

Finally, the possibility remains that p36 and p35 may be
secreted but that they then attach to the outside of the cells
due to their phospholipid-binding capacity and the presence
of Ca2+ in the medium. Again, a number of experiments
have been performed to address this issue. The evidence
against this possibility is as follows. (i) In all the experiments
described here, the labeled cells were pelleted and lysed
directly in RIPA buffer without washing. As no increase in
the level or rate of synthesis of either p36 or p35 was

observed in any of these lysates (Fig. 2 and 3), this suggests
that there is not an external pool of protein that increases
with dexamethasone treatment. (ii) U-937 cells under a

variety of culture conditions were examined for external p36
and p35 by immunofluorescence microscopy. No protein
was ever detected unless the cells were first attached to
cover slips and permeabilized to reveal intracellular protein
(data not shown).
As well as examining the effects of dexamethasone in

U-937 cells, we also looked at a number of other cell lines,
including AG1523 human fibroblasts, HEp-2 human epithe-
lial cells, A431 carinoma cells, and HL-60 cells. Again, no

alteration in the levels or synthesis of p36 or p35 with
dexamethasone treatment was detected in these cells, nor
were these proteins detected in the culture supernatant. For
example, no change in the level of p36 was observed when
AG1523 fibroblasts were labeled for 16 h with [35S]me-
thionine in the presence of either 1 or 10 p.M dexamethasone
or 50 ng of TPA per ml (Fig. 5). In addition, we examined
whether p36 expression was dexamethasone responsive in
differentiated U-937 cells. Treatment of U-937 cells causes
them to differentiate into macrophagelike cells. As the cells
differentiate, there is an increase in the rate of synthesis and
the level of p36 (see below), but dexamethasone treatment of
the parental cells or their differentiated progeny for 16 h did
not alter p36 expression (Fig. 3).
The effects of dexamethasone treatment on the phosphor-

ylation of both proteins was also examined, and no detect-
able change was ever observed (data not shown).
Modulation of p36 and p35 expression in differentiating

U-937 cells. U-937 cells are an immature monocytic cell line
that can be induced to differentiate into macrophagelike cells
by treatment with TPA (45, 48). To determine whether the
levels of p36 or p35 could be modulated during differentia-
tion, U-937 cells were treated with 20 ng of TPA per ml for
up to 48 h, pulse-labeled for 30 min with [35S]methionine,
and then immunoprecipitated with either anti-p36 or anti-p35
MAb. The rates of both p36 and p35 synthesis increased an

estimated fivefold between 8 and 16 h (Fig. 6). This corre-

sponds to the time when the cells become adherent to the
substratum and show morphological signs of differentiation.

mas.

FIG. 5. Dexamethasone and TPA treatment of AG1523 cells.
Dishes (35 mm) of near-confluent AG1523 cells plated the previous
day were labeled for 16 h in 1 ml of methionine-free RPMI 1640
containing 5% RPMI 1640, 5% dialyzed FBS, 450 ,uCi of [35S]
methionine, and the following additions. Lanes: 1, no addition; 2, 10
,uM dexamethasone; 3, 1 p.M dexamethasone; 4, 50 ng of TPA per
ml. Culture supernatants and cell lysates (in 1 ml of RIPA buffer)
were prepared and immunoprecipitated with MAb D1/274 (anti-p36)
as described in Materials and Methods. Exposure time was 4 days.
C, Cells; S, supernatants. Markers are in kilodaltons.

This increase in the rate of p36 and p35 synthesis was
paralleled by an increase in the level of protein as detected
by immunoprecipitation from cells that have been labeled to
equilibrium (Fig. 3) or by Western blotting of protein (data
not shown) and by an increase in the level ofmRNA (Fig. 4).
Modulation of p36 and p35 in differentiating HL-60 cells.

Finally, we wished to determine whether the modulation of
p36 and p35 during U-937 cell differentiation was found in

~* 2 32 4.-C__ 48 0 2 4 8 3 2 40_ 48
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FIG. 6. Long-term treatment of U-937 cells with TPA. U-937 cells
(2 x 105 per well) were incubated in 24-well dishes in 1.5 ml of RPMI
1640 containing 5% FBS. Twenty ng of TPA per ml was added at
intervals to the wells for the indicated lengths of time. After 48 h, the
cells were pelleted, suspended in 150 ,ul of methionine-free RPMI
1640 containing 250 ,uCi of [35S]methionine, and cultured for 30 min.
Lysates (in 0.5 ml of RIPA buffer) were immunoprecipitated with
either MAb D1/274 (anti-p36) or MAb 74/3 (anti-p35) as described in
Materials and Methods. The enhanced gels were exposed for 12 h
(p36) or 7 days (p35). Markers are in kilodaltons.
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FIG. 7. Long-term treatment of U-937 and HL-60 cells with TPA
and retinoic acid. U-937 or HL-60 cells were treated exactly as
described in the legend to Fig. 6 except that 1 ,uM retinoic acid or 20
ng of TPA per ml was added for 16 h before the cells were
pulse-labeled with [31S]methionine for 30 min. Exposure time was 3
days.

other cell systems and whether it might be a specific effect of
TPA treatment. In our earlier experiments we had examined
the effects of long-term TPA treatment of several nonhema-
topoietic cell lines and found that TPA treatment of AG1523,
HEp-2, and A431 cells for 16 to 24 h had no effect on the
levels of p36 or p35 (Fig. 5), although these cells respond to
TPA as determined by other biological assays. In contrast to
these adherent cell lines, HL-60 cells, like U-937 cells, can
also be induced to differentiate from a promyelocytic phe-
notype to macrophagelike cells with TPA treatment. How-
ever, unlike U-937 cells, HL-60 cells are bipotential and can
also be induced to differentiate into granulocytes by treat-
ment with retinoic acid or DMSO (8, 45, 55). It can be seen
again that treatment of U-937 cells with TPA resulted in an
increase in the rate of p36 and p35 synthesis (Fig. 7). In a
similar manner, it was found that the rate of p35 synthesis
increased in HL-60 cells induced to differentiate into mac-
rophages by exposure to TPA. In contrast, retinoic acid
treatment, which results in differentiation into granulocytes,
slightly decreased the rate of p35 synthesis. Curiously, we
were unable to detect p36 in either differentiated or undif-
ferentiated HL-60 cells.
To determine whether this regulation of p35 and p36

expression was at the level of mRNA accumulation, North-
ern analysis of these cells was performed. No p36 mRNA
was detectable in HL-60 cells treated with DMSO or retinoic
acid (Fig. 8). In contrast, p36 mRNA was detected in U-937
cells, and the amount was found to increase in cells treated
with DMSO, which results in the differentiation of U-937
cells into macrophages (46). This also shows that induction
of p36 is not specific to TPA.

In general, increases in the rate of p36 and p35 synthesis as
detected by immunoprecipitation were always paralleled by
an increase in the level of mRNA. Furthermore, when it was
examined, it was found that the level of p36-associated
light-chain (pll, also known as plO or calpactin I light-chain)
(19, 23, 56) mRNA increased in parallel with p36 (calpactin I

FIG. 8. Northern blot analysis of U-937 and HL-60 cells induced
to differentiate in culture. Cells were incubated overnight in RPMI
1640 plus 10%o FBS. Retinoic acid (1 ,uM) or DMSO (1.25%) was
added for the indicated periods of time, and cells were then lysed in
guanidine thiocyanate and RNA prepared for Northern analysis as
described in Materials and Methods. The blot was probed with p36
cDNA. Exposure time was 5 days at -70°C with an intensifying
screen. Lanes 1 through 6, RNA from HL-60 cells; lanes 7 and 8,
RNA from U-937 cells. Treatments were as follows. Lanes: 1, no
treatment (1 day); 2, no treatment (5 days); 3, DMSO (1 day); 4,
DMSO (3 days); 5, DMSO (5 days); 6, retinoic acid (3 days); 7, no
treatment (3 days); 8, DMSO (3 days).

heavy-chain) mRNA, suggesting that they are coordinately
regulated in these cells.
We have subsequently examined the expression of p36 in

HL-60 cells obtained from other sources. In these lines, a
low level of p36 was sometimes detected, and this increased
when the cells were induced to differentiate into macro-
phages. However, the level of p36 was always substantially
lower than the level of p35 (data not shown).

DISCUSSION

Dexamethasone has no effect on the synthesis or secretion of
p36 or p35 in U-937 cells. To determine whether dexameth-
asone can induce the synthesis or secretion of either p36 or
p35 in U-937 cells, we examined the levels of protein, the
rate of protein synthesis, and the level of mRNA in these
cells. We were not able under a variety of conditions to
observe any effect of dexamethasone treatment on the
expression of either of these proteins, nor did dexameth-
asone induce their secretion. Our results and other published
data indicate that these proteins may not function as lipo-
cortins in vivo. The evidence is as follows.

(i) By definition, lipocortins are glucocorticoid inducible
(2, 16, 17). We have been unable to find any evidence for the
dexamethasone inducibility of p36 or p35 expression either
in U-937 cells or in a variety of other cell lines examined
(Fig. 1 to 5). Wallner et al. (62) showed that the level of p35
mRNA is increased in rat peritoneal cells treated with
dexamethasone and stated, but did not show, that the same
was true for U-937 cells treated with dexamethasone. How-
ever, they were unable to find any increase in the level of p35
protein in either cell type as detected by Western blotting

5I 3 7; 8
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(62). There is no obvious explanation for the discrepancy
between this effect of dexamethasone on the level of p35
mRNA in U-937 cells and our own results. However, sub-
sequent to the completion of our work, Bronnegard et al. (3)
reported that p35 is not inducible at the mRNA level by
dexamethasone in seven different cell types, including pri-
mary human macrophages. Although they examined only
p35 and did not include analysis at the protein level, their
results are in agreement with ours. Indeed, as yet there have
been no reports showing steroid inducibility of either p35 or

p36 in any cell type.
(ii) By definition, lipocortins are secreted, and this secre-

tion is enhanced by glucocorticoids (2, 34, 35). We have
never detected any specific secretion or exocytosis of p36 or

p35 in cells cultured with or without dexamethasone. In the
few cases in which small amounts of protein were detected in
the culture medium, this appeared to be the result of cell
death and the nonspecific release of intracellular proteins.
p36 and p35 found under such circumstances were not freely
soluble but appeared to be associated with cellular debris.
Furthermore, the sequence of cDNA clones encoding p36
and p35 does not reveal the N-terminal hydrophobic region
or signal peptide usually required for transmembrane traf-
ficking (37, 57, 62). Thus, neither p36 nor p35 can gain access

to the cellular secretion pathway by conventional means.

Moreover, there have been no other reports showing the
secretion of either protein.

(iii) The proposal that p36 and p35 function as lipocortins
in vivo was initially based on the observation that both
proteins can inhibit PLA2 in vitro. However, Davidson et al.
(11) and Haigler et al. (28) have provided evidence that this
activity in vitro is due to the ability of p36 and p35 to bind
phospholipid in the presence of Ca2 , which results in
substrate competition with PLA2 (i.e., they bind to the PLA2
substrates) rather than true enzyme inhibition (binding to the
enzyme directly and thereby blocking its activity). For
example, Davidson et al. (11) performed titration experi-
ments and showed that p36 and p35 did not inhibit the
activity of PLA2 when the phospholipids were present in
excess. Because p36 and p35 apparently act by a mechanism
of substrate competition, this raises doubts as to whether
they could block the activity of PLA2 in vivo by a similar
mechanism.

(iv) The activity of lipocortins is supposedly regulated by
phosphorylation so that when phosphorylated they no longer
inhibit PLA2 (31, 33). Although it has been well established
that both p36 and p35 can be phosphorylated on serine and
tyrosine residues (9, 14, 15, 26, 39, 52, 58), only a small
percentage (up to 5%) of molecules become phosphorylated
at any one time. There is some evidence that phosphoryla-
tion of p35 and p36 alters their phospholipid-binding proper-

ties, although the effects on the two proteins seem to be
contrary (50, 59). In preliminary experiments we were not
able to detect any changes in phosphorylation of these
proteins in dexamethasone-treated cells (data not shown).

(v) Experiments have been performed to determine
whether purified p36 or p35 can function in vivo in anti-
inflammatory assays. The results from this type of analysis
are contradictory. Cirino et al. (6) have reported that bacte-
rially expressed p35 (lipocortin I) will inhibit eicosanoid
release when used in a guinea pig lung infusion system.
However, the authors state that they are not able in this
assay to distinguish between p35 acting as a substrate
competitor or as an enzyme inhibitor. Northup et al. (48a)
have found that purified placental p35 does not act as an

anti-inflammatory agent in a paw edema assay, nor will it

inhibit the release of arachidonate from zymosan-stimulated
mouse macrophages.

In sum, these arguments support the notion that p35 and
p36 do not function as steroid-inducible lipocortins. If this is
true, an explanation is needed for the fact that U-937 cells
have been reported to produce lipocortin activity (30). It
could be argued that our failure to detect glucocorticoid
induction of p35 and p36 is due to a variable response of
different U-937 clones. However, while we did not confirm
that U-937 cells produce lipocortin under our conditions,
Bronnegard et al. (3) failed to observe dexamethasone in-
duction of p35 mRNA in primary human macrophages,
which are known to produce lipocortin. If p36 and p35 are
not lipocortins, what then is the identity of lipocortin? One
possibility is that there is another protein(s), which is both
glucocorticoid inducible and secreted, that acts indirectly to
regulate PLA2 activity. Such a protein would have been
missed in the assay that was used to purify lipocortin. It
should also be borne in mind that there may be additional
mechanisms in vivo through which glucocorticoids can in-
hibit PLA2. For instance, interleukin 1 expression is de-
creased by glucocorticoids in U-937 cells, and this would
have an anti-inflammatory effect (43).

Function of p36 and p35 other than as lipocortins. The
increase in p36 and p35 expression in U-937 cells induced to
differentiate into macrophages supports the suggestion that
they might play a role in membrane movement or cell
attachment or both by interacting with the cytoskeleton and
overlying plasma membrane. Unlike their precursors, which
grow in suspension culture, macrophages are adherent cells
which exhibit extensive membrane fluidity in the form of
ruffling and exocytosis and which respond to chemoattrac-
tants. Support of this function for these proteins has come
from studies by Carter et al. (4). They have demonstrated
that limb buds from 5-day-old chicks express very low levels
of p36 protein but that if these are cultured in vitro for 48 h,
there is a dramatic increase in the level of protein. Further-
more, this increase is dependent upon the cells being grown
on a substratum, as culture in semisolid medium does not
result in increased p36 expression.
Here we have described the isolation of a MAb specific for

human p35 (MAb 74/3). The availability of reagents (see also
references 38 and 63) and molecular probes should allow a
detailed investigation into the control of p36 and p35 expres-
sion and help to elucidate their function in vivo. The finding
of an in vitro culture system in which the expression of these
proteins is regulated will be useful for future experiments.
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