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Evidence for a Functional Role of Endogenously Produced
Somatomedinlike Peptides in the Regulation of DNASynthesis in Cultured
Human Fibroblasts and Porcine Smooth Muscle Cells
David R. Clemmons and Judson J. Van Wyk
Departments of Medicine, Pediatrics, and Center for Thrombosis and Hemostasis, University of North Carolina School of Medicine,
Chapel Hill, North Carolina 27514

Abstract

Cultured porcine aortic smooth muscle cells and human fibro-
blasts produce somatomedinlike peptides and secrete them into
the surrounding microenvironment. This production has been
linked to their ability to replicate. The objective of this study
was to determine if a specific anti-somatomedin-C (Sm-C)
monoclonal antibody that binds the somatomedinlike peptides
could inhibit replication by porcine aortic smooth muscle cells
and human fibroblasts. To determine if the antibody could
inhibit the effect of endogenously produced somatomedinlike
peptide, increasing concentrations of antibody were co-incubated
with platelet-derived growth factor, a known stimulant of
somatomedinlike peptide secretion, and Sm-C-deficient platelet-
poor plasma. Addition of the antibody reduced fibroblast
13Hlthymidine incorporation from 35,100±500 to 10,600±700
cpm (P < 0.001), and in smooth muscle cells from 29,600±1,800
to 10,800±1,100 cpm (P < 0.001). Co-incubation of exogenously
added Sm-C (20 ng/ml) with maximally inhibitory dilutions of
antibody increased [Hjthymidine incorporation in fibroblasts
from 7,800±1,000 to 18,900±800 cpm (P < 0.01), and in
smooth muscle cells from 9,800±1,200 to 17,200±1,100 cpm
(P < 0.01). Insulin, which can substitute for Sm-Cas a mitogen
and does not bind to the antibody, stimulated DNAsynthesis
when co-incubated with the antibody, thereby excluding the
possibility of nonspecific cytotoxicity. These results strengthen
the hypothesis that the rate of DNAsynthesis of these two
cell types in vitro is directly linked to their capacity to produce
somatomedinlike peptides. They further support the cellular
production of somatomedinlike peptides as examples of the
autocrine model of growth regulation.

Introduction

Somtomedin-C (Sm-C),' also known as insulin-like growth
factor-I, is a peptide growth factor that stimulates the replication
of many types of cells both in vitro and in vivo (1, 2). Plasma
concentrations of Sm-C are growth hormone dependent and
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1. Abbreviations used in this paper: DMEM, Dulbecco's modified
Eagle's medium; MEM, minimal essential medium; PDGF, platelet-
derived growth factor; PPP, platelet-poor plasma; Sm-C, soma-

tomedin-C.

the administration of growth hormone to either normal indi-
viduals or growth hormone-deficient patients results in a
prompt rise in plasma Sm-C (3, 4). The origin of the form of
Sm-C that circulates in plasma is not clear. Several investigators
have shown that many types of cells in tissue culture produce
peptides that cross-react with Sm-C in radioimmunoassays and
radio-receptor assays (5-7). Partially purified preparations of
these somatomedin (Sm)like peptides from conditioned medium
have also been shown to be biologically active (8).

In a previous study we observed that after exposure to
platelet-derived growth factor (PDGF), human fibroblasts were
able to initiate DNA synthesis in media containing Sm-C-
deficient plasma (9). Initiation of DNA synthesis could be
prevented, however, if the conditioned media were removed
every 2 h and replaced with fresh media supplemented only
with Sm-C deficient plasma. The addition of pure Sm-C to
cultures treated in an identical manner allowed DNAsynthesis
to occur. Although we interpreted these studies to mean that
the replication of human fibroblasts in Sm-C deficient media
was dependent on endogenously secreted Sm-like compounds,
this interpretation was confounded by the possibility that the
media changes removed other secreted products that were
necessary for cell division.

Recently, this laboratory and several others have prepared
monoclonal antibodies to Sm-C that are specific for this
peptide (10-12). The antibody designated Sm 1.2 that is
currently used in our laboratory has 5% cross-reactivity with
human insulinlike growth Factor II, 1% cross-reactivity with
rat insulinlike growth Factor II, and no binding to insulin at
10-6 M (12). Addition of this antibody to Balb/c 3T3 cells (a
Sm-C-dependent cell type) blocks the ability of Sm-C to
stimulate DNA synthesis (13). Since secretion of Sm-like
peptides by cultured human fibroblasts and smooth muscle
cells may control their ability to replicate, the present studies
were undertaken to determine if immunoneutralization of
these Sm-like peptides by a monoclonal antibody could block
DNAsynthesis.

Methods

Smooth muscle cells were isolated from the aortas of 3-wk-old piglets
by a previously published method (14). Stock cultures were maintained
on 10-cm dishes (Falcon 3001, Falcon Labware Div., Becton-Dickinson
& Co., Oxnard, CA) in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal calf serum (Gibco Laboratories, Grand
Island, NY), 10 mMglutamine (Gibco Laboratories), 100 U/ml
penicillin, and 100 usg/ml streptomycin (Gibco Laboratories). The
media were changed every third day until growth was confluent (8-11
d), then the cells were removed by exposure to 0.05% trypsin, 0.02%
EDTA (Gibco Laboratories), and replated using a passage dilution
of 1:3.

Human fibroblasts were purchased from the Human Mutant
Genetic Cell Repository, Camden, NJ. Strain GM0498 was derived
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from the skin of an apparently normal 3-yr-old donor. Strain AG3204
was derived from the lung of a 16-wk fetus. These cells were transformed
with SV-40 virus. They were 10% t-antigen positive with a low
frequency of v-antigen positive cells. Both stock cultures were maintained
in minimum essential medium (MEM) (Gibco Laboratories) supple-
mented with 10% calf serum (Colorado Serum Co., Denver, CO).
Stock cultures were maintained in 10-cm dishes (Falcon 3001, Falcon
Labware Div., Becton-Dickinson & Co.) and passaged at weekly
intervals, and cultures between the 7th and 12th passage were used.
Experiments designed to determine the rate of DNA synthesis were
performed by subculturing each of the cell types in microtest wells
(Falcon 3004, Falcon Labware Div., Becton-Dickinson & Co.) and
incubating them for 5 d after plating (plating density 3,000 cells/well)
without a medium change. After this interval, the monolayers were
washed three times with PBS and exposed to DMEM(smooth muscle
cells) or MEM(fibroblasts) that contained 0.5 uCi [3H]thymidine (10
Ci/mmol, Schwartz/Mann Div., Becton-Dickinson Immunodiagnostics,
Orangeburg, NY) and the stated concentration of test hormone or
growth factor. In some experiments, cells were first exposed to PDGF
for 5 h in serum-free medium and then washed three times and
exposed to Sm-C-deficient platelet-poor plasma (PPP) in MEMor
DMEMthat contained 0.5 gCi [3Hlthymidine. After 30 h (smooth
muscle) or 36 h (fibroblast) incubation, the reaction was terminated
and [3Hjthymidine incorporation into TCA insoluble material was
determined (15).

To determine growth velocity, aortic smooth muscle cells were
plated in 16-mm dishes at a density of 6,000 cells/cm2 in DMEMthat
contained 3% Sm-C-deficient PPP. After incubating 16 h at 370C for
attachment, triplicate cultures received 0.75 ml of DMEMthat contained
the test reagents and the incubation was continued for 72 h. At that
time, the cells from triplicate plates were detached with 0.05% trypsin
and 0.02% EDTA, and cell number was determined by counting in a
particle data counter (Coulter model ZBI, Coulter Electronics, Inc.,
Hialeah, FL). The cell number was determined at 6 and 9 d of
incubation in two additional sets of triplicate cultures that were
cultured in media that contained identical test reagents.

Anti-Sm-C monoclonal antibody was prepared by a method pre-
viously described (12). The immunoglobulin fraction from a cultured
clone of mouse myeloma cells, designated 1.2, was further purified
from ascites fluid by sequential precipitation in 18 and 15% sodium
sulfate. The antibody was an IgG, kappa, and bound Sm-C with an
affinity constant of 1.09 X 10'0 liter/mol. A monoclonal antibody to
horse apoferritin was prepared by the same method. PDGF(16) was
purified by previously described methods; it was estimated to be - 13%
pure and did not cross-react with Sm-C antibody when tested at 800
ng/ml. The PDGFconcentrations used in the experiments are expressed
as total protein (17). Sm-C was purified by a published method and
was pure by multiple criteria (18). Sm-C-deficient PPP was obtained
from growth hormone-deficient patients, and prepared as described
previously (16). It contained <10 ng/ml platelet factor IV and <2
ng/ml Sm-C. The Sm-like peptide secreted by human fibroblasts was
purified from conditioned media by a previously described method
(19). The material was estimated to be >80% pure by polyacrylamide
gel electrophoresis analysis. Statistical analysis of the data was performed
using t test and significance was defined at the 95% level.

Results

Human fibroblast DNAsynthesis was stimulated from a basal
level of 6,300+1,000 to 29,800±700 cpm (P < 0.001) in
cultures incubated with 10% human serum and to 35,100±500
cpm (P < 0.00 1) when incubated with PDGFand 2% Sm-C-
deficient PPP (Fig. 1). Co-incubation with increasing concen.
trations of anti-Sm-C monoclonal antibody (1/10,000-1/1,000)
resulted in a progressive decrease in [3H]thymidine incorpo-
ration to 10,200±600 cpm (P < 0.001). Incubation of pure
Sm-C or insulin with an antibody dilution of 1/1,000 resulted
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Figure 1. Effect of anti-Sm-C antibody on [3H]thymidine incorpora-
tion into normal and SV-40-infected human fibroblasts. Fibroblast
cultures were plated at a density of 3,000 cells/microtest well and
grown to confluent density in MEMsupplemented with 10% calf
serum. 4 d after the last media change the media were aspirated and
the cultures washed three times with serum-free MEM. All cultures
were exposed to PDGFplus 2% Sm-C-deficient PPP in an incuba-
tion volume of 0.2 ml MEMthat contained 0.5 MCi [3H]thymidine.
Triplicate normal fibroblast m and SV-40-infected cultures a received
increasing concentrations of Sm 1.2. Additional normal fibroblast
cultures received a 1/1,000 dilution of Sm 1.2 ci and increasing
concentrations of Sm-C, insulin, or fibroblast Sm-like peptide. The
results are expressed as the mean± 1 SD for triplicate cultures.

in significant increases in [3H]thymidine incorporation from
7,800±900 to 19,900+800 (Sm-C) and 26,400±1,400 (insulin)
cpm (P < 0.001). Addition of a highly purified preparation of
the fibroblast Sm-like peptide to cultures that were exposed to

antibody (1/1,000 dilution) stimulated DNAsynthesis at con-

centrations between 2 and 10 ng/ml. The increase in DNA
synthesis induced by 10 ng/ml fibroblast Sm (25,000±500
cpm) was significantly (P < 0.01) greater than that stimulated
by 20 ng/ml pure Sm-C. To determine if the effect of the
antibody was specific for fibroblasts that secreted Sm-like
peptides, the response of SV-40-transformed human fibroblasts
(a cell type which secretes very little Sm) to antibody addition
was determined. Confluent SV-40-transformed fibroblast cul-
tures released <0.1 ng/ml fibroblast Smafter 24 h incubation.
In addition, exposure of these cultures to pure Sin-C resulted
in an increase in (3H]thymidine incorporation from a baseline
of 36,950±250-37,400±340 cpm. This increase was not sig-
nificant. When these SV-40-transformed fibroblast cultures
were exposed to PDGFplus 2% Sm-C-deficient PPP and a 1/
1,000 dilution of Sm 1.2 there was no significant change in
[3H]thymidine incorporation (28,300±600-27,200±800 cpm)
(P > 0.05).

To exclude the possibility that [3H]thymidine incorporation
was falsely reduced due to differences in the intracellular
thymidine pools at the start of the incubation, triplicate
cultures were incubated with media that contained 0.5 uCi
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[3H]thymidine and an excess of unlabeled thymidine (10-6 M)
plus 2-deoxycytidinle triphosphate (5 X lo-5 M) to limit inhi-
bition of ribonucleotide reductase by thymidine excess. The
cultures were exposed to PDGFand Sm-C-deficient PPP 2%
in the presence and absence of antibody. Under these condi-
tions, the quantity of [1-l]thymidine incorporation was reduced
in both the antibody and nonantibody exposed cultures but
the antibody still induced a 68% inhibition of [3H]thymidine
incorporation.

Addition of the antibody to quiescent porcine aortic smooth
muscle cell cultures also resulted in the suppression of DNA
synthesis. When increasing concentrations of the antibody
were added to cultures that were exposed to PDGF(200 ng/
ml) and 5%Sm-C-deficient PPP, [3H]thymidine incorporation
decreased from 29,600±1,800 cpm in control cultures that did
not receive antibody to 10,800±1,100 cpm (P < 0.001). This
effect was maximal at 1/500 dilution (Fig. 2 A). To determine
if stimulation of secretion of the Sm-C-like peptide by contin-
uous exposure to PDGFcould increase DNAsynthesis in the
presence of the antibody, increasing concentrations of PDGF
(a known stimulant of Sm-C-like peptide production) were
co-incubated with cultures in the presence of 5% Sm-C-
deficient PPP plus a 1/5,000 dilution of antibody. At this
relatively high antibody dilution, increasing concentrations of
PDGFwere capable of stimulating DNAsynthesis (Fig. 2 B).
Even at the highest concentration of PDGF, however, the
antibody reduced [3H]thymidine incorporation from
29,600±1,800 to 21,300±1,500 cpm (P < 0.01), which suggested
that at least part of the stimulatory effect of PDGFwas due
to stimulation of secretion of the Sm-like peptide.
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Figure 2. Inhibition of the effect of endogenously secreted Sm-like
peptides by the monoclonal antibody. Smooth muscle cells were
isolated from young piglet aortas and were subcultured by plating at
3,000 cells/microtest well and grown to high density in DMEM
supplemented with 10% fetal calf serum. 5 d after plating, triplicate
cultures were washed two times with serum-free DMEMthen ex-
posed to 0.2 ml DMEMthat contained 0.5 MCi [3Hjthymidine (10
Ci/mmol), 200 ng/ml PDGF, 5% Sm-C-deficient PPP, and increasing
concentrations of Sm 1.2 (A). Additional cultures were exposed to 5%
Sm-C-deficient PPP plus a 1/5,000 dilution of Sm 1.2 and increasing
concentrations of PDGF(B). The incorporation of [3H]thymidine
into DNAwas determined after a 30-h incubation as in Fig. 1. The
results are expressed as the mean± I SD for triplicate cultures. (A)
PDGF(200 ng/ml) plus 5% Sm-C-deficient PPP; (B) 5% Sm-C-
deficient PPP plus antibody 1/5,000.

In other studies we have found that cultures that are
transiently exposed to PDGFfor 5 h and then placed in 2%
Sm-C-deficient PPP secrete less Sm-C-like peptide than when
PDGFand Sm-C-deficient PPPare present together throughout
the study (20). In the present study, when a 1/2,000 dilution
of antibody was added to 2% Sm-C-deficient PPP after PDGF
had been removed, there was only minimal suppression of
[3H]thymidine incorporation that was not statistically significant
(Fig. 3, left). Increasing concentrations of exogenously added
pure Sm-C induced significant increases in [3H]thymidine
incorporation (10,300±900-30,200±1,100 cpm) (P < 0.01) in
the absence of antibody, but in its presence Sm-C caused only
a partial reversal of this effect (9,800±1,000-17,200±1,100
cpm) (P < 0.01) (Fig. 3, left). To control for the possibility of
a nonspecific cytotoxic effect by the antibody preparation,
identical cultures were exposed to PDGFfollowed by 2% Sm-
C-deficient PPP plus increasing concentrations of porcine
insulin (a known smooth muscle cell mitogen) (21). Addition
of 10 jsg/ml insulin in the presence of the antibody (1/2,000
dilution) stimulated [3H]thymidine incorporation to levels that
were equal to control cultures that did not receive antibody
(Fig. 3, right). To further control for the possible effects of the
monoclonal antibody unrelated to Sm-Cbinding, an additional
monoclonal antibody to horse apoferritin that had been purified
by the same method was incubated with the smooth muscle
cell cultures. When dilutions between 1/10,000 and 1/1,000
of the antibody were used it had no inhibitory effect on
cultures that were simultaneously exposed to 200 ng/ml PDGF
and 2% Sm-C-deficient PPP.
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Figure 3. Effect of anti-Sm-C antibody on Sm-C and insulin stimula-
tion of DNAsynthesis in smooth muscle cells. Cells were subcultured
and grown to high density as described in Fig. 2. 5 d after the last
media change the media were aspirated, the cultures washed two
times with serum-free DMEM,and exposed to 0.2 ml serum-free
DMEMthat contained PDGF(50 ng/ml). After 3 h, this reagent was
aspirated, each well washed two times, and exposed to 0.2 ml
DMEMthat contained 2% Sm-C-deficient PPP and 0.5 jACi
[3H]thymidine with (o) or without (-) monoclonal anti-Sm-C anti-
body 1/2,000. Triplicate cultures received various concentrations of
Sm-C (left) or insulin (right). After a 30-h incubation, the reaction
was terminated by the addition of 50 ul of 1.0 Mascorbic acid and
[3H]thymidine incorporation determined as in Fig. 1. The results are
expressed as the mean± 1 SD for triplicate cultures. o, PDGFthen
Sm-C-deficient PPP plus Ab 1/2,000; ., PDGFthen Sm-C-
deficient PPP.
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To determine if secretion of the Sm-like peptide by cultured
smooth muscle cells is linked to cell replication as well as
DNAsynthesis, smooth muscle cell cultures were exposed to
200 ng/ml PDGFplus 5% Sm-C-deficient PPP and Sm 1.2.
Cell number increased rapidly in the cultures that were not
exposed to antibody (Table I); however, those that received
either a 1/5,000 or 1/1,000 dilution had significant inhibition
of cell proliferation.

Discussion

Somatomedin-C is a potent peptide growth factor that stimulates
DNAsynthesis in multiple cell types. Extracts of many tissues
contain Sm-like peptides, and these substances are secreted
into medium by fetal explants and many different types of
cultured cells (5, 6, 7, 22). It has not been clear, however, if
the production of these peptides represents an epiphenomenon
that reflects growth or whether secretion of these peptides is
causally linked to stimulation of replication. These studies
demonstrate definitively that addition of a specific monoclonal
anti-Sm-C antibody to cultured smooth muscle cells and
fibroblasts results in significant inhibition of [3H]thymidine
incorporation into these cell types. This effect is not due to
nonspecific cytotoxicity, since addition of insulin to cultures
containing antibody allows full stimulation of [3H]thymidine
incorporation. In addition, the effect of the antibody did not
appear to be due to a change in the specific activity of the
intracellular thymidine pool, since the addition of excess
unlabeled thymidine in concentrations that are sufficient to
correct differences in intracellular thymidine pools in many
cell types did not result in a change in the response to antibody
(22, 23).

Our previous observations, that growth-promoting peptides
such as PDGFcan stimulate the production of immunoreactive
Sm-like substances by cultured human fibroblasts and porcine
aortic smooth muscle cells, are now given greater relevance by
our present finding that the secretion and release of these
peptides into the medium plays an important role in the
response of these cells to another mitogen. The observation
that the antibody partially inhibited the effect of PDGF in
both smooth muscle cells and fibroblasts suggests that PDGF-
induced stimulation of DNAsynthesis in these two cell types
is due in part to stimulation of secretion of the Sm-like peptide.
The residual stimulatory effect of PDGF in the presence of
maximal inhibitory concentrations was probably due to stim-

Table I. Effect of Anti-Sm-C Antibody
on Smooth Muscle Cell Growth

Cell number± I SD
Test substance (day 9)

5% Sm-C-deficient PPP 8,537+774
PDGF(200 ng/ml) plus 5% Sm-C-deficient

PPP 88,625±4,190*
PDGF(200 ng/ml) plus Ab 1/5,000 36,330±2,251f
PDGF(200 ng/ml) plus Ab 1/1,000 20,878±3,190t

* P < 0.001, compared with 5% Sm-C-deficient PPP.

ulation of cellular reactions that are independent of the Sm-
like peptide. The use of this antibody in future studies will
permit quantitation of those growth factor-induced cellular
reactions that are not dependent upon exposure to Sm-C-like
factors.

Several additional lines of evidence support the conclusion
that production of Sm-like peptides by cultured fibroblasts and
smooth muscle cells helps to control their rates of replication.
Secretion of the peptide is regulated by nonhormonal factors
that regulate growth such as cell density, cell cycle timing,
days since the last media change, and other hormones, such
as growth hormone, fibroblast growth factor, insulin, and
unknown factors in plasma (16). In addition, a highly purified
preparation of the Sm-like peptide that is secreted by cultured
fibroblasts stimulates human fibroblast replication. Taken to-
gether with the observation that the stimulatory effect of the
partially purified preparation of fibroblast Smcan be blocked

by addition of the monoclonal anti-Sm-C antibody, it appears
that secretion of this peptide represents an important mecha-
nism by which growth of this cell type is regulated.

Partial reversal of the antibody effect by the addition of
Sm-C or fibroblast Sm indicates that the antibody is not
reducing [3HJthymidine incorporation by a mechanism inde-
pendent of Sm-C. Using a 1/2,000 dilution of antibody in an

incubation volume of 0.2 ml, the approximate calculated
concentrations of free Sm-C would be 0.3 and 11 ng/ml
(fibroblasts) and between 0.5 and 18 ng/ml (smooth muscle).
These concentrations apparently were sufficient to stimulate
DNAsynthesis even in the presence of antibody. Fibroblast
Sm appeared to be even more effective; however, caution
should be used in interpreting this result, since both the exact
chemical composition of the somatomedin species secreted by
fibroblasts and smooth muscle cells and the absolute affinity
of the antibody for these peptides are unknown.

Fibroblast Smappears to be chemically distinct from Sm-
C, since it has an apparent molecular weight of 20,500 and a

neutral isoelectric point ( 18). Furthermore, by our best estimate,
the affinity of the monoclonal antibody for fibroblast Sm is
less than affinity for Sm-C, and this difference could account
for the observed differences in the biologic response to these
two peptides noted in Fig. 1. Presumably the antibody would
bind less fibroblast Sm, and therefore it would have a greater
biopotency. These differences between the fibroblast Sm-like

peptide and Sm-C support the hypothesis that the cellular

secretory product is a related but chemically distinct form of

somatomedin, but do not exclude the possibility that it is a

precursor of Sm-C.
Recently it has been possible to determine the partial

nucleotide sequence of the Sm-C mRNAusing human fetal
(24, 25) and adult liver as tissue sources. Sequences coding for

precursor peptides estimated to be in the 16,000 mol wt range
were identified as the major gene products. Since these larger
molecular weight forms have been shown to exist, it is possible
that the fibroblast secretory product represents a precursor
form, or that it is a different gene product but has sufficient

structural homology to cross-react with anti-Sm-C antibody.
The latter possibility may be significant, since it appears that

some growth regulatory peptides secreted by cells are related

to cellular oncogene products (26). It is possible that production
of Sm-like peptides by cultured cell types represents such a

phenomenon, and raises further questions as to their role in

the local control of growth of many types of cells and tissues.
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