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Abstract

Transforming growth factor-jB (TGF,8), when injected subcu-
taneously into newborn mice, induces a rapid fibrotic response,
stimulates chemotaxis, and elevates the rates of biosynthesis of
collagen and fibronectin by fibroblasts in vitro. Weexplored the
molecular mechanisms of TGFft-mediated stimulation of collagen
and fibronectin synthesis in cultured human foreskin fibroblasts.
TGF,/ preferentially stimulated the synthesis of fibronectin and
type I procollagen chains 3-5-fold as shown by polypeptide
analysis. Concomitant elevation in the steady state levels of
messenger RNAs (mRNAs) coding for type I procollagen and
fibronectin also occurred but without a net increase in the rate
of transcription of either of these genes. The preferential sta-
bilization of mRNAsspecifying type I procollagen and fibronectin
provides a partial explanation for the mechanisms by which
TGFft enhances the synthesis of type I procollagen and fibro-
nectin in mesenchymal cells.

Introduction

Transforming growth factor-,8 (TGF#)' is one of the two poly-
peptides (the other being TGFa) that were originally character-
ized by their ability to reversibly induce the transformed phe-
notype in certain nontumorigenic cells (1-5). TGFa and TGFfl
are structurally and antigenically distinct and have different cell
surface receptors (1, 5-9). TGF,3 has been recently molecularly
cloned and is known to have a homodimeric structure with two
disulfide-linked polypeptide chains of 12.5 kD (1, 6).

TGF# is widely distributed in different tissues and cells in-
cluding various tumors, T cells, monocytes, and platelets (2, 7,
10-12). Recently, it has been recognized that TGFfl is a potent
desmoplastic agent. When injected subcutaneously into newborn
mice, it causes a rapid increase in connective tissue formation
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1. Abbreviation used in this paper: TGFfl, transforming growth
factor-fl.

(10). TGFI3 is capable of stimulating fibroblast chemotaxis and
production of collagen and fibronectin (10-13); the mechanisms
by which it exerts these effects are unclear. Wereport here that
TGF# acts on human dermal fibroblasts at the pretranslational
level by stimulating the accumulation of fibronectin and type I
procollagen messenger RNAs (mRNAs).

Methods

Materials. Eagle's minimum essential medium (supplemented with
nonessential amino acids, ascorbic acid, amphotericin B, NaHCO3, pen-
icillin, and streptomycin), fetal calf serum, and phosphate-buffered saline
(PBS) were purchased from Gibco, Grand Island, NY. Radiochemicals'
['4C]acetic anhydride (8.9 mCi/mmol, sp act), [35Sjmethionine (> 1,200
Ci/mmol, sp act), [3H]proline (20 Ci/mmol, sp act), [32P]dCTP (3,000
Ci/mmol, sp act), EN3HANCE,and Aquasol were purchased from New
England Nuclear, Boston, MA.

Fibroblast cultures. Humanfibroblast cultures were established from
explants of infant foreskins by standard techniques. Cells were grown in
100-mm diam Petri dishes in Eagle's medium supplemented with 10%o
fetal calf serum. The cultures were routinely passaged every 3-5 d.

TGF(3. TGFfl was purified from homogenates of outdated human
platelets by techniques developed in our laboratory (H. L. Moses) and
published in detail elsewhere (1, 7, 8). The purity of the TGFBprepa-
rations used in this study was monitored by polypeptide analysis using
silver staining of sodium dodecyl sulfate (SDS) polyacrylamide gels (1).
All preparations used contained only a 25-kD protein band on the gels,
which was reduced to a 12.5-kD band by 2-mercaptoethanol (1). The
biological activity of TGFBwas tested by radioreceptor and soft agar
colony formation assays using AKR-2B cells (clone 84A) and growth
inhibition assays using A549 indicator cells. All preparations used were
active at nanograms per milliliter concentrations (1, 4, 8).

Quantitation of collagenous and noncollagenous protein synthesis.
Fibroblasts were seeded in wells of Falcon 3008 multiwell plates (5 X I04
cells/0.5 ml maintenance medium). Triplicate wells of confluent mono-
layers were incubated in fresh serum-free medium (minus nonessential
amino acids) supplemented with either PBS or TGFI3 (50 Ml vol). Su-
pernatants from each well were harvested 24 h later and assayed for the
levels of collagenase-sensitive proteins according to a previously published
method (14). Alternatively, confluent fibroblasts (100-mm diam Petri
dishes) were treated with either PBS or TGFB(2.5 ng/ml) for 24 h and
labeled with either [35S]methionine (25 ,uCi/ml) or [3H]proline (50 MCi/
ml). The radiolabeled proteins were processed according to previously
published protocols and analyzed by SDS-polyacrylamide gel electro-
phoresis (PAGE) (15-17). The fluorograms were scanned on a LKB laser
densitometer coupled with a Hewlett-Packard 3390A integrator. The
rates of total protein synthesis were quantitated by labeling the cells with
[35S]methionine in methionine-free media as described in detail previously
(15-17).
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Quantitative analysis of mRNAsand rates of transcription. Total
cellular RNAwas extracted by guanidine thiocyanate solubilization of
cells and centrifugation of the extract through a cushion of 5.7 MCsCl.
RNAwas heat denatured in formamide and electrophoresed in 1%agarose
gels containing 2.2 M formaldehyde. After electrophoresis, the RNA
samples were transferred to a nitrocellulose sheet, dried, baked at 80'C
under vacuum and subjected to Northern analysis. Radiolabeled nick-
translated recombinant RNAplasmids (1-5 X 107 cpm/ Lg, sp act) were
hybridized under conditions of excess probe. After removing the probe,
the blots were subjected to another round of prehybridization and hy-
bridization with a second probe. Detailed protocols for the extraction
and quantitation by Northern analyses of al(I) procollagen, fibronectin,
and fl-actin mRNAsusing recombinant complementary DNA(cDNA)
probes have been described previously (15, 16).

Previously published techniques were used for the isolation of nuclei,
in vitro transcription, and subsequent determination of the rates of tran-
scription by hybridization (16). Nuclei from control or TGFj3-treated
cells (100-150 Mg of DNA) were incubated in a 100 MAl reaction mixture
that contained 10% glycerol, 50 mMTris-HCl, pH 8.0, 5 mMMgC12,
1 mMeach ATP, GTP, and CTP, and 250 MCi of [a32P]UTP at 250C
for 30 min. Radiolabeled RNAwas extracted and hybridized to DNA
immobilized on nitrocellulose filters. In each case, 5 Mg of linearized,
alkali-denatured, plasmid DNAwas immobilized on nitrocellulose filter
using a slot-blot apparatus. For determining nonspecific background, 5
Mgeach of pBR322 and bacteriophage X Charon 4A DNAwere separately
hybridized with radiolabeled run-off transcripts. Nitrocellulose filters were
baked as described above, prehybridized, and hybridized at 420C for 24
and 48 h, respectively. These hybridizations were done under conditions
of DNAexcess; hybridization for longer than 24 h did not result in
increased signal intensity, and therefore we believe that maximum hy-
bridization was achieved under these conditions.

Results

Effect of TGF(3 on collagen synthesis. Purified human platelet-
derived TGF,3 stimulated production of collagen by dermal fi-
broblasts in a dose-dependent manner (Fig. 1). A dose of 2.5
ng/ml was used in studies to assess the effect of TGF, on the
rates of procollagen and fibronectin synthesis by pulse-labeling
cells with either [3Hjproline or [35S]methionine. Radiolabeled
polypeptides released into the medium as well as cell-associated
polypeptides were analyzed by SDS-PAGEand fluorographed
(Fig. 2). As judged by densitometric quantitation of the fluo-
rogram representing [3H]proline-labeled soluble polypeptides
from the medium, a 24-h treatment with TGFBcaused approx-
imately a fourfold stimulation in the amounts of type I procol-
lagen chains produced by fibroblasts over control; there was also
a 2-3-fold stimulation in the rate of fibronectin synthesis by
TGF(# (Table I). The effect on the synthesis of type I procollagen
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Figure 2. TGFfl selectively increases the rates of synthesis of type I
procollagen and fibronectin and the steady state accumulation of their
cognate mRNAs. Fibroblast cultures were treated with TGF# (2.5 ng/
ml) for 24 h; cells were subsequently labeled with either
[35S]methionine or [3H]proline for 4 h and the cell-associated or extra-
cellularly released polypeptides were analyzed by 7.5% SDS-PAGEfol-
lowed by fluorography. mRNAfor parallel cultures was subjected to
northern hybridization using cDNAplasmids containing fibronectin,
pro al(I), and fl-actin sequences as described in the Methods section.
(A) Cell-associated polypeptides labeled with [35S]methionine; (B) Ex-
tracellular polypeptides labeled with [3H]proline; (C) Ethidium bro-
mide-stained gel representing 10Ig of total RNA; (D) Northern blot
hybridized to fibronectin cDNA; (E) mRNAprobed with a cDNA
containing pro al(I) sequences; and (F) ,B-actin mRNA.

Table I. Quantification of Total Protein, Procollagen Type I,
and Fibronectin Synthesis in TGFJ4-treated Fibroblasts*

Fold
Proteins Control TGFjS stimulation

Totalt 4.8 X 106 6.2 X 106 1.3
cpm/mg DNA cpm/mg DNA

Pro al(I)l 1.89 7.86 4.2
Pro a2(I)1 0.62 2.27 3.7
Fibronectin 0.51 1.63 3.2

* Confluent monolayers of fibroblasts exposed to PBS or TGFBwere
cultured for 24 h at which time [35S]methionine or [3H]proline was
added to the media and incubation for 4 more hours continued. The
radiolabeled proteins representing either cell-associated or extracellu-
larly released fractions were processed and analyzed by SDS-PAGEas
described in Methods.
4 Calculated from the incorporation of [35S]methionine into trichloro-
acetic acid (10%) insoluble peptides.
I Calculated from the densitometric scan of a fluorogram representing
[3H]proline-labeled polypeptides released into the medium.
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chains and fibronectin appeared to be preferential, since the total
incorporation of [35S]methionine into cellular polypeptides was
affected to a much lesser extent (Fig. 2; Table I). Although TGFI3
consistently stimulated the rate of collagen and fibronectin syn-
thesis, there was considerable variation from experiment to ex-
periment; 2-7-fold stimulation in the rates of synthesis of these
polypeptides were observed (data not shown). The reasons for
this variation are not entirely clear at the present time and there-
fore it remains a subject of much speculation (see Discussion).

Stimulation in the steady state accumulation of type I pro-
collagen and fibronectin mRNAs. To determine whether the in-
creased collagen synthesis in TGFj-treated cells was reflected
in the steady state levels of their corresponding mRNAs, we
extracted the total RNAfrom fibroblasts 24 h after TGF(? treat-
ment. An equal amount of total RNA, the ethidium bromide
staining pattern of which is shown in Fig. 2, was transferred to
nitrocellulose filters and probed with nick-translated cDNA
plasmids specific for pro al(I), fibronectin, and cytoplasmic (0-
actin. Densitometric analysis of the autoradiograms (Fig. 2, D-
F) showed that TGF# caused a 2-3-fold increase in the steady
state levels of fibronectin and pro a 1(I) mRNAs(densitometric
scanning data not presented). The effect of TGF,3 on the mRNAs
for type I procollagen and fibronectin appeared to be selective,
since the levels of M-actin mRNAsin TGF(P-treated cells were
affected only minimally (Fig. 2, D-F). The variability from cul-
ture to culture noted in the rates of individual polypeptide syn-
thesis was also apparent in the steady state levels of various
mRNAs. For example, in another experiment, the level of g-
actin mRNAwas elevated 2-4-fold in the TGF(3-treated cells,
which accompanied a correspondingly greater accumulation (7-
8-fold) in the steady state levels of fibronectin and pro al(I)
collagen mRNAs(data not shown). Therefore, the selectivity of
the effect of TGF,3 on the type I collagen and fibronectin mRNAs
was consistently maintained.

To seek an explanation for elevated accumulation of mRNAs
for the two extracellular matrix proteins, we isolated nuclei from
control and TGF(3-treated fibroblasts and subjected these to run-
off transcription. The autoradiogram in Fig. 3 shows the hy-
bridization of run-off transcripts to pro a 1(I), fibronectin, and
Bl-actin cDNA plasmids. The rate of transcription of the pro
al(I), fibronectin, and fl-actin genes did not change in TGF(3-
treated cells as evident from the visual inspection of the auto-
radiograms (Fig. 3). The densitometric quantitation of these au-
toradiographs essentially corroborated the visual impression
(data not shown). Weconclude, therefore, that the increased
steady state levels of procollagen and fibronectin mRNAsprob-
ably did not involve a significant change in the rates of tran-
scription of these genes.

Discussion

The biosynthesis of collagen and fibronectin can be potentially
regulated at a number of transcriptional and posttranscriptional
steps. Both positive and negative regulation has been shown to
take place depending on the inducer (1 1, 13-24). For example,
cortisol and other antiinflammatory steroids, parpthyroid hor-
mone, and y-interferon all cause a specific decrease in the cellular
concentration of translatable type I procollagen mRNA(16, 18,
19, 24) by mechanisms that are poorly defined. Transformation
of cultured fibroblasts with tumor viruses or carcinogens leads
to a marked reduction in the rate of transcription of collagen

CONTROL TGF-1
_ Fibronectin

_ Proaul(I)

-p mm P1-actin
Figure 3. The rates of type I procollagen and fibronectin gene tran-
scription remain unaltered after treatment with TGF#. Radiolabeled
nuclear run-off transcripts from nuclei of control and TGFO-treated
(2.5 ng/ml; 24 h after treatment) cells were hybridized to cDNAplas-
mids containing fibronectin, pro al(I), and fl-actin sequences immo-
bilized on nitrocellulose filter. Autoradiograms of the filters are shown.
The detailed description of these protocols is in the Methods section.

genes with a consequent decrease in the levels of type I procol-
lagen mRNAs(20-23). In contrast, a hepatic fibrogenic factor
stimulates collagen production by increasing levels of various
procollagen mRNAs(15).

Consistent with previous observations (10, 11, 13), fibro-
nectin and type I collagen biosynthesis by fibroblasts is signifi-
cantly increased by TGFB. Elevated levels of type I procollagen
and fibronectin mRNAsmust, however, result from mechanisms
other than transcription, since there is no measurable change in
the rate of transcription ofthese genes after treatment with TGFO.
Webelieve that the treatment with TGFBselectively stabilizes
the mRNAsfor type I procollagen and fibronectin. However,
until a direct demonstration of the relative rates of mRNAturn-
over is experimentally accomplished, the mechanism involving
the preferential stabilization of type I procollagen and fibronectin
mRNAswould remain tentative. Changes in the rates of mRNA
turnover have been shown to mediate the levels of gene expres-
sion in a number of different systems (15, 25, 26). The precise
mechanisms of preferential mRNAstabilization are incompletely
understood (25).

The effect of TGF(3 on f- and -actin mRNAlevels in mouse
AKR-2B cells has been examined in detail in an earlier study
(27). In AKR-2B fibroblasts, TGF(3 (1-3 ng/ml) stimulated the
accumulation of actin mRNA(27). Maximal elevations of fl-
and y-actin mRNAsoccurred 4-8 h after the addition of TGF(3
to the confluent, quiescent cultures of AKR-2B cells; by 24 h,
the levels of actin mRNAwere lower than at 4-8 h posttreatment
with TGF(3 (27). TGF# also caused the murine AKR-2B cells
to undergo striking morphologic changes 24 h after exposure
(27). In contrast, human fibroblasts do not undergo such mor-
phologic changes in response to TGF(3 but are stimulated to
divide, produce increased quantities of collagen and fibronectin,
and chemotax (1, 10-14). Since i- and a-actins are major struc-
tural proteins of cellular microfilaments, they are considered to
be involved in cell motility, mitosis, and morphogenesis. The
underlying reasons for the variable effect of TGF(3 on the levels
of actin mRNAin some cells and not in others remain incom-
pletely understood.

The final point concerns the wide variability in the biological
and biochemical responses of various cell types to the effects of
TGF/3. While TGF(3 generally promotes mitogenesis in the mes-
enchymal cells (1), the growth of several other types of cells is
clearly inhibited by this factor (1, 28-31). The precise biochem-
ical mechanisms that underlie such disparate actions of TGF(3
are incompletely understood. Nonetlfeless, the overall effects of
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this factor on mesenchymal cells, which include increased syn-
thesis and deposition of extracellular matrix proteins, increased
chemotaxis and proliferation, suggest that TGF#may be an im-
portant modulator of postinflammatory tissue regeneration.
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