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Regulation of Insulin-like Growth Factor I Gene Expression
in the Human Macrophage-like Cell Line U937
1. Nagaoka, B. C. Trapnell, and R. G. Crystal
Pulmonary Branch, National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, Maryland 20892

Abstract

Activated macrophages release tissue forms of insulin-like
growth factor I (IGF-I), 20-25-kD products of the IGF-I gene,
thus providing an extracellular growth and differentiation sig-
nal at sites of inflammation. To examine the control of IGF-I
gene expression in mononuclear phagocytes, the human macro-
phage-like cell line U937 was evaluated at rest and after sur-
face activation with phorbol myristate acetate (PMA) or Ca2l
ionophore. Northern analysis and RNAse protection analysis
with 32P-labeled IGF-I-specific probes demonstrated that the
IGF-I mRNAtranscripts of resting U937 cells were similar in
size and amount to those of resting human alveolar macro-
phages, mononuclear phagocytes known to express the IGF-I
gene. Nuclear run-off assays demonstrated that surface activa-
tion of U937 cells increased the transcription rate of the IGF-I
gene four- to fivefold, a process that was inhibited by cyclo-
heximide, suggesting that active protein synthesis was involved
in the activation pathway. Despite this, cytoplasmic IGF-I
mRNAlevels after surface activation declined markedly, a pro-
cess blocked by a protein kinase C inhibitor (for PMAactiva-
tion) or a calmodulin antagonist (for Ca2l ionophore activa-
tion). Like the increased transcription of the IGF-I gene, mod-
ulation of IGF-I mRNAtranscript levels required active
protein synthesis; in the presence of cycloheximide constitutive
IGF-I mRNAlevels increased and surface activation no longer
caused a decrease in transcript number. Interestingly, surface
activation caused a rapid release of IGF-I, even in the presence
of a protein synthesis inhibitor, suggesting that mononuclear
phagocytes have a preformed, stored, releasable pool of IGF-I.
Together these observations demonstrate that IGF-I gene ex-
pression is complex and probably involves control of tran-
scription rate, cytoplasmic mRNAlevels possibly mediated
through protein kinase C, calcium influx and calmodulin,
and finally, release of preformed IGF-I from a storage pool.
(J. Clin. Invest. 1990. 85:448455.) macrophage - insulin-like
growth factor I * gene expression

Introduction

In most organs, tissue macrophages, members of the mononu-
clear phagocyte system of bone marrow-derived cells, are
thought to play a central role in normal wound healing and
pathogenic tissue fibrosis by virtue of their ability to release a
variety of polypeptide mediators that serve as growth factors
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for mesenchymal cells (1-3). Amongthese mediators are rep-
resentatives of the insulin-like growth factor I (IGF-I)' family
of molecules, polypeptides that function as a late GI growth
signal for mesenchymal cells and probably influence growth
and differentiation of a variety of cell types (4-7). Recent stud-
ies have demonstrated that, whereas blood monocytes are in-
capable of expressing the IGF-I gene, alveolar macrophages,
the pulmonary representative of the mononuclear phagocyte
system, normally contain IGF-I mRNAtranscripts (8). Fur-
thermore, alveolar macrophages recovered from the lower re-
spiratory tract of individuals with fibrotic lung disorders such
as idiopathic pulmonary fibrosis and asbestosis, are spontane-
ously releasing functional IGF-I type molecules, suggesting
that alveolar macrophage IGF-I released in the lower respira-
tory tract probably plays a role in the development of pulmo-
nary fibrosis that often accompanies chronic lung inflamma-
tion (9-1 1).

In the context of these observations, it is apparent that
modulation of expression of the IGF-I gene in mononuclear
phagocytes is relevant to both normal tissue repair and the
pathogenesis of tissue fibrosis. Little is known, however, about
how the IGF-I gene is regulated. As presently understood, the
human IGF-I gene includes five coding exons (I-V) repre-
sented over at least 45 kb on chromosome 12 at q22-qter
(12-14). Macrophages express at least two IGF-I mRNAtran-
scripts, IGF-IA mRNA(representing exons I-III + V) and
IGF-IB mRNA(exons I-IV), similar to the transcripts ob-
served in liver (15-17). The exact form of the macrophage
IGF-I molecule is not known, but it has a molecular mass of
20-25 kD, similar to the molecular mass of tissue forms of
IGF-I produced by fibroblasts and Sertoli cells (8, 18, 19), and
the approximate mass expected based on the open reading
frames within IGF-IA and/or IGF-IB mRNAtranscripts (15,
16, 20). This contrasts sharply with the serum form of IGF-I,
referred to as somatomedin C, a 7.6-kD molecule coded by
sequences in exons II and III, probably processed by cleavage
of larger forms of IGF-I such as IGF-IA or IGF-IB (15, 16,
20, 21).

To begin to understand the regulation of expression of this
gene in mononuclear phagocytes, we have used U937, a cell
line with characteristics similar to those of human macro-
phages originally isolated from a human histiocytic lymphoma
(22, 23). The data suggest that IGF-I gene expression is com-
plex, with multiple regulatory points that include transcription
rate, cytoplasmic mRNAlevels, and surprisingly, release of
preformed IGF-I from an intracellular storage pool.

Methods

Source of cells. Fresh human alveolar macrophages were obtained as
previously described (24). The cell populations consisted of > 90%
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macrophages and were 2 95%viable by trypan blue exclusion. U937, a
macrophage-like cell line (CRL1 593; American Type Culture Collec-
tion, Rockville, MD), was maintained in DME(Whittaker M. A. Bio-
products, Walkersville, MD) supplemented with 4 mML-glutamine,
50 U/ml penicillin, 50 ,g/ml streptomycin, and 10% heat-inactivated
FCS (Biofluids, Rockville, MD). Cells were subcultured every 4-6 d by
seeding at 106 cells/ml. The viability of U937 cells was always > 90%as
assessed by trypan blue exclusion.

Evaluation of IGF-I mRNAtranscripts. Expression of IGF-I
mRNAtranscripts in U937 cells and alveolar macrophages was com-
pared using Northern analysis and solution hybridization/RNAse pro-
tection analyses. Cellular RNAwas extracted by the guanidine iso-
thiocyanate method (25) and poly-A' RNAwas obtained by oligo-dT
cellulose column chromatography. Northern blots of RNAwere evalu-
ated with an IGF-I-specific cDNAprobe encompassing exons I, II, and
III (pPB 107, Fig. 1 A) labeled by the random primer method (26).
RNAse protection analysis was performed using an antisense 32P-la-
beled IGF-I cRNAderived from pPB107 (8, 27).

Quantification of IGF-I transcription rate. IGF-I gene transcription
rate was determined by transcription run-off assay (28, 29). U937 cells
were washed twice in PBS without calcium and magnesium (Media-
tech, Herndon, VA), resuspended in serum-free DME, and then incu-
bated (6 h, 37°C) at 106 cells/ml (2.5 X 107 cells total) in 150-mm tissue
culture dishes (Falcon Plastics, Cockeysville, MD)alone or with 80 nM
phorbol 12-myristate 13-acetate (PMA; Sigma Chemical Co., St.
Louis, MO)or 5 AMcalcium ionophore A23187 (Sigma Chemical Co.)
in the presence or absence of 10 gg/ml actinomycin D or 10 Mg/ml
cycloheximide. The cells were then pelleted (200 g, 5 min) and washed
twice with ice-cold PBS, and nuclei were isolated and labeled with
[32P]UTP (800 Ci/mmol; Amersham Corp., Arlington Heights, IL)
(28, 29). Transcription of the IGF-I gene and, as controls, c-fos and
c-myc genes was quantitated by hybridizing (40 h, 42°C) the 32P-la-
beled nuclear RNAto the specific filter-bound, unlabeled cDNA tar-
gets in the presence of 50% formamide and 10% dextran sulfate at 107
cpm 32P-labeled RNA/ml. Filters were then washed and subjected to
autoradiography, and the resulting autoradiograms were scanned.

IGF-I mRNAlevels after surface activation. U937 cells were incu-
bated at 37°C for up to 12 h alone or with PMAor A23187 at various
concentrations (0-20 MMeach). After incubation the cells were washed
and total cellular RNAwas isolated as described above. Cellular IGF-I
mRNAlevels were quantified using a solution hybridization/RNAse
protection assay (8, 27). The 32P-labeled IGF-I-specific antisense
cRNAprobe (380 nucleotides) was hybridized with 10Mg total cellular
RNAor synthetic unlabeled IGF-I sense RNA, and subjected to
RNAse treatment, purification, electrophoresis, and autoradiography
(8). A standard curve of IGF-I sense RNAwas constructed using var-
ious quantities of cold sense cRNA transcripts and the autoradio-
graphic signals were quantified by a laser densitometer (2202 Ultra-
scan; Pharmacia LKB, Piscataway, NJ). As a further control, y-actin
mRNAtranscript size and levels were evaluated by Northern analysis
using a 32P-labeled human y-actin cDNAprobe (pHFyA- I) (30).

To evaluate the relative cellular compartmentalization of IGF-I
transcripts in resting and surface-stimulated cells, U937 cells were
incubated (6 h, 37°C) alone or with 80 nMPMAor 5 MMA23187, and
nuclear and cytoplasmic fractions were isolated by the method of
Baumbach et al. (31). Nuclear and cytoplasmic RNAwas then purified
and IGF-I mRNAlevels were quantified as described above.

Pathways involved in modulating IGF-I mRNAlevels. U937 cells
were incubated (6 h, 37°C) with 80 nMPMAor 5 MLMA23187 in the
presence or absence of 100 MMH-7 (1-[5-isoquinolinyl-sulfonyl]2-
methylpiperazine; Sigma Chemical Co.), a protein kinase C inhibitor
or 25 MMW-7 (N-[6-aminohexyl]-5-chloro-1-naphthalene-sulfona-
mide; Aldrich Chemical Co., Milwaukee, WI), a calmodulin antago-
nist, or with various PMAanalogues (12 h, 37°C; all 1 MM), including
phorbol, phorbol 12,13-diacetate, 4a-phorbol 12,13-didecanoate, and
phorbol 12-myristate 13-acetate-4-O-methyl ester (all from Sigma
Chemical Co.). Incubations were also done at 37°C for various times in
the presence or absence of 10 Mg/ml actinomycin Dor 10 Mg/ml cyclo-
heximide. After each incubation total cellular RNAwas isolated and
IGF-I and y-actin mRNAlevels were quantified as described above.

Release ofIGF-I after surface activation. U937 cells were incubated
at 37°C up to 12 h alone or with 80 nMPMAor 5 MMA23187. After
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Figure 1. Expression of IGF-I gene mRNAtranscripts
in human mononuclear phagocytes. A, Schematic rep-
resentation of the human IGF-I gene. The human
IGF-I gene has five coding exons, but the complete
structure of the 5' portion of exon I (and/or the exis-
tence of additional 5' exons) is unknown. The putative
start codon (ATG) is in exon I. There are two in-phase
stop codons (TGA in exon IV, TAGin exon V). Exon
lengths are shown in base pairs below each exon. The
probe used to evaluate IGF-I mRNAtranscripts con-
sisted of 380 nucleotides (nt) spanning exons I, II, and
III. B, Northern analysis of IGF-I mRNAtranscripts in
alveolar macrophages and U937 cells evaluated with a
32P-labeled exon I-II-III IGF-I cDNAprobe. Lane 1,
Poly-A' RNA(10 Mg) from alveolar macrophages.
Lane 2, Poly-A' RNA(10 Mg) from U937 cells. C,
Evaluation of IGF-I mRNAtranscripts in total cellular
RNAfrom alveolar macrophages and U937 cells by
RNAse protection analysis using a 32P-labeled IGF-I
antisense cRNAprobe. Lane 3, Alveolar macrophage
RNA(10 Mg). Lane 4, U937 cell RNA(10 ag). 32P-La-
beled OX174 RFDNAHae III fragments were used as
markers.
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incubation, supernatants were collected and clarified (2,000 g, 10 min)
and the amount of IGF-I released into the media was quantified by
RIA using an IGF-I-specific polyclonal antibody (Nichols Institute
Diagnostics, San Juan Capistrano, CA). Quantitation of IGF-I was
calibrated with highly purified recombinant IGF-I (Amgen Biologicals,
Thousand Oaks, CA). The rate of IGF-I release was calculated from the
amount of IGF-I released at each time point and the time interval, and
expressed as picograms IGF-I released/ I0' cells per 15 min. In some
experiments the cellular IGF-I pool was quantified in resting U937
cells using cell sonicates. To demonstrate that U937 cell IGF-I was not
associated with IGF-I binding proteins, supernatants from both resting
and surface-stimulated U937 cells or cell sonicates were acidified (0.1
Mglycine-HCl, pH 3.6, 24 h, 370C), neutralized, and assayed by RIA
(4, 5, 32). Normal human serum was used as a positive control.

To determine if IGF-I release was dependent on de novo protein
synthesis, U937 cells were incubated exactly as above except with 10
tig/ml cycloheximide. At various times the amount of IGF-I in the
culture media was quantified by RIA. To ensure that protein synthesis
was actually inhibited, parallel cultures were incubated in leucine-free
DME(Biofluids) containing ['4C]leucine (2.5 GCi/ml; 337 mCi/mmol;
Amersham Corp.) and TCA(10%). Insoluble radioactivity (cells + su-
pernatant) was determined.

Statistical evaluation. All values were represented as the
mean±SEMfrom three separate experiments unless otherwise noted.
Paired data were evaluated using the two-tailed t test.

Results

IGF-I mRNAtranscripts in resting U937 cells. Northern analy-
sis demonstrated that resting U937 cells express multiple
IGF-I mRNAtranscripts (a major band at 1.1-1.4 kb, and
minor transcripts of 3.2 and 7.7 kb) similar to those observed
in human alveolar macrophages (Fig. 1 B). Although multiple
IGF-I transcripts were detected by Northern analysis, RNAse
protection analysis of U937 cell total RNAdemonstrated a
single mRNAspecies identical to that found in alveolar mac-
rophages (Fig. 1 C). Poly-A' RNAgave similar results (not
shown). IGF-I mRNAquantification demonstrated that U937
cells had 0.167±0.060 pg IGF-I mRNA/Mgtotal cellular RNA,
similar to that of alveolar macrophages (0.227±0.070 pg IGF-I
mRNA/htg total cellular RNA, P > 0.5).

IGF-I gene transcription in U937 cells. Evaluation of IGF-I
gene transcription by nuclear run-off demonstrated that rest-
ing U937 cells transcribed the IGF-I gene (Fig. 2). When the
cells were activated with PMA, a protein kinase C-activating
agent (33), or A23187, a Ca2l mobilizing agent, the rate of

600eoFigure 2. Rate of IGF-I
gene transcription in
U937 cells. The cells

it 400 were incubated (6 h,
! 300 i i 37°C) with or without
it * * stimuli (PMA [80 nM]

XM * *or A23187 [5 uM]) in
ioo100 * * ^ ^ ^ the presence or absence

0 +_ of actinomycin D (10
Coadl- + + CoUN- + + cOW- + + jig/ml) or cyclohexi-
bonPMAnpdie PAA318 M" MA 2387 mide (10 zg/ml). Nuclei

+ Actinomycin D + Cybohexlmkde mide (10 ismla.tNucleiwere then isolated and
32P-labeled nuclear RNAwas hybridized to excess (5 Mg) linearized,
nitrocellulose-bound, IGF-I plasmid cDNA. The relative rate of
IGF-I transcription was expressed as a percentage of that measured
in nuclei from cells incubated under identical conditions except
without stimuli, actinomycin D, or cycloheximide.

IGF-I gene transcription was markedly increased, from 400 to
500%. In contrast, compared with resting cells PMAstimula-
tion increased c-fos oncogene transcription by 305±57%,
whereas c-myc oncogene transcription was decreased by
52±3%, as noted by others (29). As expected, actinomycin D,
an inhibitor of RNAtranscription, completely suppressed the
transcription of the IGF-I gene in both resting and stimulated
cells. Interestingly, cycloheximide, a protein synthesis inhibi-
tor, did not affect constitutive IGF-I gene transcription. How-
ever, cycloheximide completely suppressed the PMA- or
A23187-induced increase in IGF-I gene transcription, suggest-
ing that active protein synthesis is necessary for these surface
stimuli to upregulate the IGF-I gene.

Effect of PMA- or A23187 stimulation on IGF-I mRNA
levels. In contrast to the effect of PMAand A23187 on IGF-I
gene transcription, both agents caused a marked time- and
dose-dependent reduction in the steady-state IGF-I mRNA
levels in U937 cells (Fig. 3). The amount of PMAnecessary to
reduce the IGF-I mRNAlevels to 50% of that of the resting
levels after 6 h stimulation was - 80 nM, while 5 AMA23187
was required to achieve a similar reduction. Whenthe effect of
the combination of PMAand A23187 was studied, 1 nMPMA
+ 2 AM A23187, concentrations which had little effect on
IGF-I mRNAlevels by themselves, decreased the IGF-I
mRNAlevel remarkably to 5%of the level in resting cells (Fig.
3 D). While IGF-I mRNAlevels were decreased by PMAand
A23187, the levels of y-actin mRNAtranscripts were not
changed over the dose ranges evaluated (Fig. 3, C and D).
Furthermore, evaluation of 18S and 28S ribosomal RNAon
formaldehyde-agarose gels demonstrated that both remained
intact after stimulation with PMAor A23187 (not shown),
confirming that the decrease in IGF-I mRNAlevel was not
due to the nonspecific degradation of cellular RNAafter stim-
ulation. Interestingly, evaluation of the nuclear and cytoplas-
mic fractions of U937 cells demonstrated that the effect of
PMAand A23187 on IGF-I mRNAlevels was different in the
two compartments (Fig. 4). When cells were stimulated with
PMAor A23187, the cytoplasmic IGF-I mRNAlevel de-
creased and followed the pattern observed with total cellular
IGF-I mRNA(Fig. 3). In contrast, the nuclear IGF-I mRNA
levels increased two- to threefold with both surface stimulants,
consistent with the increased IGF-I transcription in stimulated
cells (Fig. 2).

To evaluate the concept that the effect of PMAon reduc-
tion of IGF-I mRNAlevels was mediated through activation of
protein kinase C, IGF-I mRNAlevels were quantified after
incubation of U937 cells with biologically inactive PMAana-
logues which lack the ability to activate protein kinase C (34).
Phorbol, 4a-phorbol 12,13-didecanoate, phorbol 12,13-diace-
tate, and 4-0-methyl PMAhad no effect on IGF-I mRNA
levels after 12 h incubation even at the high concentration of 1
,M (not shown). Importantly, while H-7 (a potent inhibitor of
protein kinase C [35]) did not affect the IGF-I mRNAlevel of
resting cells, it completely prevented PMA-induced decrease in
IGF-I transcript number (Table I). Omission of the divalent
cations, Ca2+ or Mg2+, had no significant effect on IGF-I
mRNAlevels either in resting or PMA-stimulated U937 cells
(not shown). In contrast, omission of Ca2' (but not Mg2+)
markedly prevented the A23187-induced reduction in IGF-I
mRNAlevels (not shown), demonstrating that the effect of
A23187 on decreasing IGF-I transcript number was dependent
on calcium influx. Consistent with the concept that this effect
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Figure 3. Effect of surface activation on IGF-I mRNAlevels in U937
cells. A, Time-dependent changes in IGF-I mRNAlevels after incu-
bation with PMA(80 nM) compared with constitutive levels (i.e.,
without activation). B, Similar to A, but after stimulation with
A23 187 (5 MM) compared with constitutive levels. C, 1GF-I mRNA
levels compared with -y-actin mRNAlevels in U937 cells after incu-
bation for 6 h with increasing concentrations of PMA(0-20 MM). D,
Similar to C, but after activation with A23 187 (0-20 MM). The effect
of the combination of PMA(I nM) + A23 187 (2 MM)on IGF-I (A)
and 'y-actin (n) mRNAlevels is also indicated. After incubation, total
cellular RNAwas isolated and the amount of IGF-I mRNAwas
quantified using a 32P-labeled IGF-I cRNAprobe and 'y-actin
mRNAtranscripts quantified with a 32P-labeled 'y-actin cDNA
probe. For A and B, IGF-I mRNAlevels were expressed as a percent-
age of mRNAlevels in cells at zero time. For Cand D, IGF-I and y-
actin mRNAlevels were expressed as a percentage of mRNAlevels
in cells incubated under identical conditions, but without added
stimuli.

involved calmodulin, W-7 (a calmodulin antagonist [36])
completely prevented the A23 187-induced reduction of IGF-I
mRNAlevels (Table I), while W-7 itself did not affect the
IGF-I mRNAlevel of resting cells. Furthermore, H-7 did not
prevent the A23187-induced IGF-I mRNAreduction, and
W-7 did not prevent the PMA-induced IGF-I mRNAreduc-
tion (not shown).

Importance of RNA synthesis and protein synthesis on
IGF-I mRNAlevels. Active RNAand protein synthesis were
important in the control of IGF-I mRNAlevels in U937 cells,
but in a complex fashion (Figs. 5 and 6). Actinomycin D in-
creased IGF-I mRNAlevels in resting cells over 3-6 h by

- 200% of the initial level but markedly decreased the levels
thereafter (Fig. 5 A). In contrast, the level of y-actin mRNA
declined steadily throughout the time interval. While PMAor
A23187 stimulation alone reduced IGF-I mRNAlevels to

8 80
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Figure 4. Changes in IGF-I cytoplasmic and nuclear mRNAlevels
after cell surface stimulation. U937 cells were incubated (6 h, 370C)
with or without stimuli (PMA [80 nM] or A23 187 [5 MM]). Cyto-
plasmic and nuclear fractions were obtained and IGF-I mRNAwas
quantified using a 32P-labeled IGF-I cRNAprobe. The IGF-I mRNA
levels are expressed as a percentage of IGF-I mRNAlevels in total
cellular RNAfrom cells incubated under identical conditions except
without stimuli. In resting U937 cells > 95% of the total cellular
IGF-I mRNAwas present in the cytoplasm.

- 45% of the control level after 6 h (Fig. 5 B), in the presence
of actinomycin D plus PMAor A23187 IGF-I mRNAlevels
remained markedly increased (Fig. 5 B). In contrast to the
variable time-dependent changes in IGF-I mRNAlevels after
blockage of RNAsynthesis, cycloheximide treatment of the
cells demonstrated a continuous time-dependent increase in
IGF-I mRNAlevels. This effect appeared to be relatively spe-
cific, since y-actin mRNAlevels were not changed signifi-
cantly by cycloheximide during this period (Fig. 6 A). In the
presence of cycloheximide plus PMAor A23187, IGF-I
mRNAlevels remained markedly increased, suggesting that
active protein synthesis is involved in downregulating IGF-I
mRNAlevels in resting cells and after surface stimulation (Fig.
6 B).

Effect of cell activation on IGF-I protein release. Resting
U937 cells constantly released IGF-I at a rate of 20 pg
IGF-I/107 cells per 15 min (Fig. 7 A). In contrast, both PMA

Table I. Effect of Protein Kinase C Inhibitor and Calmodulin
Antagonist on IGF-I mRNALevels in U937 Cells

IGF-I mRNAlevel
Condition (% of control)*

Control 100
+ 100 AMH-7 100±6
+ 80 nMPMA 44±8
+ 100 AMH-7, 80 nMPMA 96±9
+ 25 AMW-7 97±3
+ 5 AMA23187 47±9
+ 25MMW-7, 5MMA23187 99±3

* IGF-I mRNAlevels expressed as a percentage of levels measured in
untreated cells incubated under identical conditions except without
stimuli or inhibitors.

Insulin-like Growth Factor I Gene Expression 451



and A23187 caused a very rapid, large increase in the rate of
IGF-I release after stimulation, reaching 210 pg IGF-I/ I07 cells
in the first 15 min. Subsequently, the rate quickly returned to
the level of resting cells and decreased gradually thereafter. In
the presence of cycloheximide the response to PMAor A23 187
at 15 min was unchanged (Fig. 7 B), indicating that the
marked transient surface stimulation-induced increase in
IGF-I release was independent of de novo protein synthesis. In
contrast, the early constitutive release of IGF-I and late release
of IGF-I (Fig. 7 B) was completely abolished by cyclohexi-
mide. To ensure that protein synthesis was effectively inhib-
ited by the amounts of cyclohexamide used, total protein syn-
thesis was estimated by the incorporation of ['4C]leucine into
TCA precipitable radioactivity. The incorporation at 15 min
was 8.3 X I05 dpm/107 cells for resting cells, 9.9 X I05 dpm for
PMA-stimulated cells, and 9.4 X 105 dpm for A23187-stimu-
lated cells, and the incorporation was inhibited by 2 95%in all
three conditions in the presence of cycloheximide (not shown).
Quantification of the intracellular IGF-I pool in resting U937
cells demonstrated 475±33 pg IGF-I/107 cells, more than

0

°

Eo

-L00O
0-

ID

E

Alone + Cyclo- Alone
heximide

Constitutive + P

Figure 5. Effect of inhibition of RNAsyn-
thesis on IGF-I mRNAlevels compared
with y-actin mRNAlevels in resting and
stimulated U937 cells. A, Cells incubated
(0-24 h, 370C) alone or with actinomycin
D (10 ,qg/ml). B, Cells incubated (6 h,
370C) with or without stimuli (PMA [80
nM] or A23 187 [5 MM]) in the absence or
presence of actinomycin D (10 ug/ml). For
A and B, after incubation total cellular
RNAwas isolated, and IGF-I and y-actin
mRNAwere quantified using a 32P-labeled
IGF-I cRNAprobe or a 32P-labeled y-actin
cDNAprobe, respectively. For A, cellular
IGF-I and -y-actin mRNAlevels were ex-
pressed as a percentage of mRNAlevels in
cells at zero time. For B, cellular IGF-I
mRNAlevels were expressed as a percent-
age of the levels in control cells incubated
under identical conditions except without
stimuli or actinomycin D.

twice the amount released with surface stimulation. To dem-
onstrate that our IGF-I measurements were not hampered by
the presence of binding proteins, RIA was performed on both
acidified and untreated (neutral pH) supernatants or cell soni-
cates (acidification is known to release IGF-I from binding
proteins [4, 5, 32]). There was no difference in measurements
made on acidified and neutral supernatants or cell sonicates
(acidified 95±6% of neutral), suggesting that U937 cell IGF-I is
not associated with binding proteins. As a control, acidifica-
tion of human serum demonstrated a 200% increase in immu-
noreactive IGF-I concentrations as noted by others (32).

Discussion

Mononuclear phagocytes play a central role in normal wound
healing and pathologic tissue fibrosis by releasing polypeptide
growth factors that modulate mesenchymal cell proliferation
in the local milieu (1-3, 8-1 1). Among these mediators is a
20-25 kD product of the IGF-I gene, a single chain polypep-
tide that stimulates mesenchymal cells late in the G1 phase of

Figure 6. Effect of inhibition of protein
synthesis on IGF-I mRNAlevels compared
with -y-actin mRNAlevels in resting and
stimulated U937 cells. A, Cells incubated
(0-24 h, 370C) alone or with cyclohexi-
mide (10 e.g/ml). B, Cells incubated (6 h,
370C) with or without stimuli (PMA [80
nM] or A23 187 [5 tLM]) in the absence or
presence of cycloheximide (10 ,g/ml). For
A and B, after incubation total cellular
RNAwas isolated and IGF-I and Sy-actin
mRNAwere quantified using a 32P-labeled
IGF-I cRNAprobe or 32P-labeled y-actin
cDNAprobe, respectively. For A, cellular
IGF-I and y-actin mRNAlevels were ex-
pressed as a percentage of mRNAlevels in
cells at zero time. For B, IGF-I mRNA
levels were expressed as a percentage of the

+ Cyclo- Alone + Cyclo- levels in control cells incubated under
heximide heximide identical conditions except without stimuli
)MA +A23187 or cycloheximide.
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Cyclohhximide
Figure 7. Release of IGF-I from U937 cells
after surface activation. A, Cells were incu-
bated (0-12 h, 370C) with or without stimuli
(PMA [80 nM] or A23 187 [5 IAM]). After the
incubation, IGF-I was quantitated in the ex-
tracellular medium using an IGF-I-specific
RIA. IGF-I release is expressed as the rate of
IGF-I released (pg/ 107 cells per 15 min).

o contlut Shown are data for constitutive release (o),
o +2317 and release after PMA(-) or A23 187 (ni) sur-

face activation. Arrow, time of cell activation.
B, Effect of inhibition of protein synthesis on
the initial (15 min) and late (6 h) IGF-I release
by stimulated U937 cells. Cells were incubated
in the presence of cycloheximide (10 mg/ml)

2 alone (o) or with PMA(e) or A23 187 (o), and
Leftn IGF-I was quantified in supernatants as indi-

(6 h) cated in A.

the cell cycle to proliferate (4-7). Using U937 cells, a human
macrophage-like cell line that expresses IGF-I mRNAtran-
scripts in a fashion similar to that of human alveolar macro-

phages, the present study evaluates the modulation of expres-

sion of this gene. At rest, U937 cells transcribe the IGF-I gene,
express IGF-I mRNA,and release IGF-I at a low level. When
activated by the surface stimuli PMAor calcium ionophore
A 12387, the rate of IGF-I gene transcription is increased and
the small increase in nuclear IGF-I mRNAlevels reflects this.
However, in the cytoplasm IGF-I mRNAlevels markedly de-
crease in a time-dependent fashion by mechanisms involving
protein kinase C (for PMAsurface activation) and calmodulin
(for the calcium ionophore modulation), and active protein
synthesis. Despite this striking fall in cytoplasmic IGF-I
mRNAlevels, surface activation causes a rapid release of
IGF-I from the cell, a process that occurs in the presence of
cycloheximide, suggesting these cells have preformed stored
IGF-I that can be released immediately as the need arises.

Regulation of IGF-I gene transcription. The surface stimuli
PMAand calcium ionophore increased IGF-I gene transcrip-
tion four- to fivefold over the resting level. Consistent with the
upregulation of IGF-I gene transcription in this macrophage-
like cell line, the constitutive IGF-I gene transcription in liver
cells of growth hormone-deficient mice (37) can be modulated
by cell surface signals, in this case by growth hormone. Inter-
estingly, the upregulation of IGF-I gene transcription in U937
cells by PMAor calcium ionophore seems to require active
protein synthesis in a fashion similar to the modulation of the
upregulation of the c-myc oncogene by nerve growth factor in
the pheochromocytoma cell line PCl12 (38).

Regulation of IGF-I mRNAtranscript levels. General inhi-
bition of RNAsynthesis induced a transient increase in the
resting IGF-I mRNAlevels, and then IGF-I mRNAlevels fell
to zero, probably due to the degradation of RNAafter inhibi-
tion of RNAtranscription. Thus, constitutively, it appears that
IGF-I transcript levels are regulated at the level of transcrip-
tion. The unexpected, marked decline in IGF-I mRNAlevels
after surface activation of U937 cells by PMAor A23187 is
opposite the change in IGF-I mRNAlevels in liver cells by
growth hormone. In this regard, the studies in growth hor-
mone-deficient mice by Mathews et al. (37) have demon-
strated that IGF-I mRNAlevels paralleled the rate of tran-

scription of the gene (i.e., when growth hormone was given,
both transcription and mRNAlevels increased significantly).

Evaluation of the possible pathways for transduction of the
surface stimuli that result in the reduction of IGF-I mRNA
levels suggested that PMAactivation works, at least in part,
through protein kinase C, while calcium ionophore activation
works through calmodulin-type molecule(s). In addition, the
pathways used by these two stimuli probably share a common
mechanism(s) in the reduction of cytoplasmic IGF-I transcript
numbers in U937 cells, since low levels of PMAand the cal-
cium ionophore appeared to work synergistically and this
mechanism seems to be dependent on active protein synthesis.
Furthermore, in the short term after surface activation, general
inhibition of transcription caused a marked increase in IGF-I
mRNAlevels and blocked the expected reduction of IGF-I
mRNAlevels by surface stimuli. Thus, regulation of cytoplas-
mic IGF-I mRNAlevels after surface activation involves cyto-
plasmic signal transduction pathways such as protein kinase C
and calmodulin, active protein synthesis, active IGF-I gene
transcription, and probably transcription of a gene(s) other
than IGF-I.

The actual mechanism(s) by which the IGF-I mRNAlevels
are selectively decreased in U937 cells is not known, but one

possibility is the involvement of an AU-rich sequence in the 3'
untranslated region of the IGF-I mRNAin a fashion proposed
for cytokines such as granulocyte-macrophage colony-stimu-
lating factor, tumor necrosis factor, and protooncogenes like
c-fos (39-42). These genes, the transcripts of which are ex-
pressed transiently, contain repeats of the conserved AU-rich
sequences (AUUUA) in the 3' untranslated region of their
RNA(39, 40), while genes known to express relatively stable
transcripts (e.g., glyceraldehyde 3-phosphate dehydrogenase),
do not have this 3' AU-rich sequence (43, 44), suggesting that
such sequences are recognition sites for mRNAprocessing
mechanisms that degrade specific transcripts. Interestingly,
IGF-I mRNAtranscripts contain an identical AU-rich se-

quence in the 3' untranslated regions of exons IV and V, re-

spectively (14-16). However, as compelling as this hypothesis
may be, it must be recognized that y-actin also contains the
AU-rich sequence in 3' untranslated region (45), even though
'y-actin mRNAlevels in the U937 cells remained constant
under the identical conditions in which IGF-I mRNAlevels
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declined. Thus, the changes in IGF-I mRNAlevels cannot be
explained simply by the presence of the AU-rich sequence
which may be necessary but not sufficient. Alternatively,
IGF-I mRNAlevels might be regulated by some labile pro-
tein(s), such as a sequence-specific RNAse(41), which presum-
ably requires active RNAand protein synthesis and could be
induced by PMA- or A23187 stimulation.

Regulation of IGF-I synthesis and release. U937 cells con-
stitutively release IGF-I, but this release of IGF-I was inhibited
by cycloheximide, suggesting that these cells actively synthe-
size and release this polypeptide. In contrast, the marked
upregulation of IGF-I release immediately after surface stimu-
lation was rapid, transient, and independent of protein synthe-
sis. Finally, correlation of the parallel reductions in IGF-I
mRNAlevels and the rate of IGF-I secretion 6-12 h after cell
surface stimulation suggest that the rate of IGF-I release from
stimulated cells at later times (after the initial rapid release) is
modulated by the levels of IGF-I mRNAin the cells. Together,
these observations suggest that the IGF-I release from resting
cells is derived from newly synthesized protein, whereas sur-
face stimulation caused IGF-I release from a preformed cellu-
lar storage pool.

The concept that mononuclear phagocytes might store
polypeptides like IGF-I is relatively novel; the only clear exam-
ple of such a process is IL-1, where cytoplasmic storage and
binding to the plasma membrane has been clearly documented
(46-48). However, unlike IGF-I, IL-l release after surface ac-
tivation of mononuclear phagocytes requires active protein
synthesis (47), although it is not clear if some IL-l synthesis
occurs or the synthesis of other proteins is required for IL-l
release. Interestingly, Rotwein et al. (20) have pointed out that
all known translation products of IGF-I mRNAtranscripts
have an atypical, large (48 amino acid) NH2-terminal signal
peptide. Analysis of the signal peptide sequence showed two
general domains; a 19 residue portion at the COOH-terminal
region that is typical for a signal peptide and an NH2-terminal
region with many cysteine residues. The role of this cysteine-
rich region is unknown, but it is tempting to speculate that it
may be involved in the intracellular storage of IGF-I and/or its
ability to be rapidly released after surface activation.

Independent of the mechanism controlling the process, the
fact that U937 cells can rapidly release presynthesized IGF-I is
consistent with the role of mononuclear phagocytes in wound
healing and tissue fibrosis. Thus, like the platelet that carries
preformed growth factors such as platelet-derived growth fac-
tor, the mononuclear phagocyte may be primed to augment
mesenchymal cell growth.
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