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Abstract

Regulation of human type I procollagen gene expression was
studied in cultured fibroblasts both at the transcriptional and
posttranscriptional level. Transcriptional regulation was ex-
amined in cultures transfected with a human proa2(I) collagen
promoter/reporter gene (chloramphenicol acetyltransferase)
construct, while posttranscriptional regulation was assessed by
parallel determinations of type I procollagen mRNAsteady-
state levels. Transforming growth factor-j01 (TGF-,81) elicited
a marked, - 5-23-fold, enhancement of proa2(I) collagen
promoter activity, which was accompanied by an elevation of
type I procollagen mRNAlevels. This enhancement of gene
expression was suppressed by tumor necrosis factor-a
(TNF-a) and interferon-'y (IFN-"y), as determined at mRNA
steady-state level, but two distinct mechanisms were involved.
TNF-a suppressed the proa2(I) collagen promoter activity,
whereas IFN-'y had only a minimal effect at transcriptional
level. The effects of TNF-a and IFN--y were synergistic, sug-
gesting that combination of these two factors may potentially
provide pharmacologic means to counteract tissue deposition
of collagen in diseases involving TGF-f,. (J. Clin. Invest. 1990.
86:1489-1495.) Key words: collagen gene expression * growth
factors * fibrotic diseases

Introduction

The synthesis and accumulation of connective tissue compo-
nents of the extracellular matrix play a crucial role in biologi-
cal situations involving tissue development, homeostasis, and
repair. An aberration of these processes may also lead to devel-
opment of pathological conditions, as in case of fibrotic dis-
eases (1, 2). Recently, a number of polypeptide growth factors
have been shown to modulate the growth and migration of
connective tissue derived cells, as well as the synthesis of ex-
tracellular matrix components, such as the collagens (3-5). For
example, proliferation of fibroblasts, the mesenchymal cell re-
sponsible for extracellular matrix production in the skin and
other connective tissues, has been shown to be markedly stim-
ulated by several growth factors, including transforming

Address reprint requests to Dr. Uitto, Department of Dermatology,
Thomas Jefferson University, 1020 Locust Street, RoomM-46 JAH,
Philadelphia, PA 19107.

Receivedfor publication 13 April 1990 and in revisedform 22 June
1990.

growth factor B1 (TGF-#3 1)I (5, 6). The expansion of fibroblast
populations in the tissues may then contribute to deposition of
extracellular matrix components in the affected organs.

Certain growth factors have also been shown to enhance
the expression of the extracellular matrix genes by individual
connective tissue cells. In particular, TGF-3 has been shown to
be a potent stimulator of collagen synthesis by fibroblasts in a
variety of experimental conditions both in vivo and in vitro (5,
7). Specifically, TGF-,3 enhances the synthesis of collagens
type I and III, as well as of fibronectin, an abundant noncolla-
genous glycoprotein (7-10). Enhanced collagen and fibronec-
tin gene expression by TGF-#3 has been shown to be accompa-
nied by similar increases in the corresponding mRNAsteady-
state levels, suggesting transcriptional activation of the
corresponding genes (7-10). A previous study using a chimeric
mouse proa2(I) collagen promoter/reporter gene construct has
shown enhancement of transcriptional activity by TGF-,B in
mouse NIH-3T3 cells (1 1). In addition to TGF-f3, other poly-
peptide growth factors are able to modulate collagen synthesis.
For example, interleukin 1 has been shown to enhance colla-
gen production by dermal fibroblasts at pretranslational level
(12-14). In contrast, tumor necrosis factor-a (TNF-a) and in-
terferon-y (IFN-'y) suppress collagen synthesis (15-18), al-
though platelet-derived growth factor (PDGF) and epidermal
growth factor (EGF) have apparently little, if any, effect in
vitro (7). Relatively little is known of the mechanisms by
which these growth factors modulate the expression of colla-
gen genes.

Several recent studies have provided evidence that activa-
tion of type I collagen gene expression by fibroblasts plays a
crucial role in the development of dermal fibrosis in diseases,
such as scleroderma, eosinophilic fasciitis, and keloids
(19-22). The role of TGF-f3 in the pathogenesis of the fibrotic
conditions has been emphasized, but relatively little is known
about interactions of TGF-/ and other growth factors with
respect to collagen gene expression.

Wehave recently demonstrated that the 3.5-kb upstream
sequence of the proa2(I) collagen gene, linked to the chloram-
phenicol acetyltransferase (CAT) reporter gene, contains all
elements necessary for high, tissue-specific transcription (23).
In contrast, transfection experiments with a human proal(I)
collagen promoter/CAT construct did not provide similar evi-
dence of tissue specific expression (23). Thus, in this study we
utilized the proa2(I) collagen promoter/CAT plasmid,

1. Abbreviations used in this paper: bFGF, basic fibroblast growth
factor; CAT, chloramphenicol acetyltransferase; EGF, epidermal
growth factor, GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
IGF-I, insulin-like growth factor I; PDGF, platelet-derived growth fac-
tor; TGF, transforming growth factor; TNF, tumor necrosis factor.
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pMS-3.5/CAT, as a tool to study transcriptional regulation of
type I collagen gene expression. Specifically, we have exam-
ined the potential interactions of TGF-fl1 with TNF-a and
IFN-'y in modulating collagen gene expression. Wehave also
examined four other polypeptide growth factors for their ef-
fects on human proa2(I) collagen promoter activity in cul-
tured fibroblasts.

Methods

Transient transfections of cultured cells. Human skin fibroblast cul-
tures were established from tissue specimens obtained from cosmetic
surgery procedures, and utilized in passages 3-8. The cell cultures were
maintained in Dulbecco's modified Eagle's medium (DME) supple-
mented with 10% fetal calf serum, 2 mMglutamine, 100 U/ml peni-
cillin, and 50 gg/ml streptomycin. Mouse NIH-3T3 cells were pur-
chased from American Type Culture Collection, Rockville, MD, and
maintained in DMEsupplemented with 10% calf serum, 2 mMgluta-
mine, and the antibiotics indicated above.

The cell cultures in late logarithmic growth phase were transfected
with 10 jug (NIH 3T3 cells) or 20 ,g (human skin fibroblasts) of plas-
mid DNA, pMS-3.5/CAT, which contains - 3.5 kb of 5'-flanking
DNAof human proa2(I) collagen gene linked to the CAT reporter
gene (23). Transfections were performed with the calcium phosphate/
DNAco-precipitation method, followed by 1 min (human skin fibro-
blasts) or 2 min (NIH-3T3 cells) of glycerol shock (15%) (24). After the
glycerol shock, the cells were placed either in serum-free medium
(NIH-3T3 cells) or in medium supplemented with 1%heat-inactivated
fetal calf serum (human skin fibroblasts). 3 h later, the growth factors
tested were added, and the incubations were continued for 40 h. After
incubations with or without the growth factors, the cells were harvested
and lysed by three cycles of freeze-thawing in 100 Ml of 0.25 MTris-
HCl, pH 7.8. The protein concentration of each extract was deter-
mined with a protein assay kit (BioRad Laboratories, Richmond, CA),
and identical amounts (10-30 ,g) of protein from each cell extract in
each experiment were used for parallel determinations of CATactivity
using ['4C]chloramphenicol as substrate (25). The acetylated and non-
acetylated forms of radioactive chloramphenicol were separated by
thin-layer chromatography and visualized by autoradiography. The
enzyme activity was quantitated by cutting out pieces of thin-layer
chromatography plates containing different forms of ['4C]-
chloramphenicol, and the radioactivity was determined by liquid scin-
tillation counting. The values were expressed as the percentage of
['4C]chloramphenicol converted to its acetylated forms per 10 ,g of
cell extract protein. Parallel transfections were performed with
pBSOCAT, a promoterless CATconstruct (26), and with pSV2CAT, a
construct containing SV40 early region promoter and SV40 enhancer
linked to the CATgene (25).

Northern analyses. Human skin fibroblast cultures incubated with
or without varying growth factors in medium supplemented with 1%
fetal calf serum for a period of 24 h were subjected to isolation of total
cellular RNA, as described previously (27). RNA, 12 Mg per lane, was
fractionated on 0.8% agarose gels, transferred to nylon filters (Zeta
Probe, BioRad Laboratories), and immobilized by heating at 80°C for
30 min under vacuum. The filters were then prehybridized and hybrid-
ized with cDNA probes labeled radioactive by nick translation with
[a-32P]dCTP (28). After hybridizations at 42°C, the filters were washed
in solutions with decreasing ionic strength and increasing temperature,
and the final stringency of the washes was 0.1 X SSC at 65°C. The
[32P]cDNA-mRNA hybrids were visualized by autoradiography, and
the corresponding steady-state levels of mRNAswere quantitated by
scanning densitometry, using a HeNe laser scanner at 633 nm (LKB
Produkter, Bromma, Sweden).

The following cDNAs were used for Northern hybridizations: For
proal(I) collagen mRNA, a 1.5-kb human cDNA (Hf677); for
proa2(I) collagen mRNA, a 2.9-kb cDNA (Hfl 132) (29, 30); for glyc-

eraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA, a 1.3 kb
rat cDNA(pRGAPDH13) (31).

Growth factors and cytokines. The following growth factors and
cytokines were used in these studies. TGF-f1 was kindly provided by
Dr. David R. Olsen, Collagen Corporation, Palo Alto, CA; human
recombinant IFN-'y, TNF-a, basic fibroblast growth factor (bFGF),
mouse EGF, and porcine PDGFwere purchased from Boehringer-
Mannheim Biochemicals, Indianapolis, IN; human recombinant in-
sulin-like growth factor I (IGF-I) was purchased from Collaborative
Research, Bedford, MA.

In transient cell transfection experiments, the growth factors were
added to the cell culture media 3 h after the glycerol shock, and the
incubations were continued for an additional 40 h before assay of CAT
activity. The transfection efficiencies in cultures incubated with the
growth factors were checked by assay of relative plasmid copy num-
bers, as described previously (32). In cultures used for determination of
mRNAsteady-state levels by Northern analyses, the growth factors
were added to the cultures at early confluency, and the incubations
were continued for 24 h before isolation of total cellular RNA.

Results

Modulation of human proa2(I) collagen promoter activity by
TGF-f31. A human collagen promoter/reporter gene construct
pMS-3.5/CAT, which contains 3.5 kb of 5'-flanking sequences
of proa2(I) collagen (COLIA2) gene linked to the CATgene,
was previously shown to exhibit high, tissue-specific transcrip-
tional activity (23). This chimeric construct was used in this
study for transient cell transfection experiments to determine
the effects of TGF-(#l on type I collagen promoter activity.
Preliminary experiments showed that significant CATactivity
could be detected in human skin fibroblasts and in mouse
NIH-3T3 cells at 24-72 h of incubation after transfection (26).
The effects of TGF-#1 were first tested by adding varying con-
centrations of this growth factor to the incubation medium of
NIH-3T3 cells at 3 h after the glycerol shock. After an addi-
tional 40-h incubation, the cells were harvested and the CAT
activity was measured as an index of the promoter activity.
The results indicated that TGF-# 1, in the concentration range
of 0.1-10 ng/ml, significantly enhanced the activity of the
proa2(I) collagen promoter in an apparently dose-dependent
manner (Fig. 1 A). Quantitation of the data by liquid scintilla-
tion counting (see Methods) revealed that the highest pro-
moter activity, - 23-fold higher than found in the untreated
control cells, was noted with 5 ng/ml of TGF-# 1, while in-
creasing the concentration to 10 ng/ml did not further en-
hance the activity (Fig. 1 B). Assay of plasmid copy number
(32) in cultures incubated with and without TGF-#l did not
reveal any differences (data not shown). Thus, in subsequent
experiments either 5 or 10 ng/ml of TGF-#31 was used.

Parallel transfections with the promoterless pBSOCATcon-
struct (26) revealed minimal CAT activity in NIH-3T3 cells,
and incubation of cells transfected with this construct with 10
ng/ml of TGF-# I did not significantly increase the activity
(Table I). Also, expression of pSV2CAT, a positive control
plasmid containing SV40 early region promoter linked to the
CAT gene (25), was unaffected by the addition of TGF-,B1
(Table I). Thus, the enhancement of human proa2(I) collagen
promoter activity appeared to be specific and to depend on the
presence of TGF-( I responsive elements within the 3.5 kb of
sequence flanking the 5'-end of the proa2(I) collagen gene. In
addition, these results suggested that TGF-4t1 does not modu-
late the stability of CAT mRNAor protein, but that the in-
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crease in CATactivity detected in transfected cells exposed to
TGF- Il reflects stimulation of the proa2(I) collagen promoter
transcriptional activity.

To examine the concomitant effect of TGF-f1 on the en-
dogenous expression of type I collagen genes, the proa 1(I) and
proa2(I) collagen mRNAabundance was determined. Incuba-
tion of cultured human skin fibroblasts with TGF-# 1 (5 ng/ml)
for a period of 24 h resulted in a marked increase in the
steady-state levels of both these mRNAs(Fig. 2 and Table II).
This increase was selective in that the steady-state levels of
mRNAfor GAPDH, a gene constitutively expressed in these
cells (31), were not altered by TGF-f31 (Fig. 2). These results
suggest that the expression of type I collagen genes is specifi-
cally upregulated by TGF-,3l at the transcriptional level.

Table I. Selective Effect of TGF-#J] on Proa2(I) Collagen
Promoter Activity in Transient Transfections of NIH-3T3 Cells

CATactivity

Plasmid Control TGF-fl1 (10 ng/ml)

Proa2(I)CAT 0.86±0.26 (1.00) 4.09±0.84 (4.76)
pSV2CAT 6.40±1.68 (1.00) 6.30±1.76 (0.98)
pBSOCAT 0.15±0.04 (1.00) 0.19±0.08 (1.27)

Mouse NIH-3T3 cell cultures were transfected with 10 Ag of the plas-
mid indicated using CaPO4/DNAco-precipitation method, followed
by a 2-min glycerol shock. The cultures were placed in serum-free
medium, and 3 h later, the cells were exposed to 10 ng/ml TGF-# I
for 40 hours. The cells were then harvested and CATactivity was de-
termined, as described in Methods. The values represent the percent-
age of conversion of [14C]chloramphenicol to its acetylated forms per
10 ,ug of cell extract protein. The values are mean±SEMof three in-
dependent experiments, each performed using duplicate cultures.
The values in parentheses represent the change in CATactivity elic-
ited by TGF-fil in relation to the corresponding untreated controls
with each plasmid.

Effects of TNF-a and IFN-,y on type I collagen gene ex-
pression. To further elucidate the regulation of the transcrip-
tional activity of type I collagen genes, we examined the effects
of two well-known inhibitors of collagen production, viz.
TNF-a and IFN--y (15-18).

Incubation of human skin fibroblasts with IFN-'y (1,000
U/ml) together with TGF-f3 1 (5 ng/ml) clearly suppressed

prol I(1)
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0 0.1 1 5 10

Figure 1. Enhancement of type I procollagen promoter activity by
TGF-#lI in transient cell transfections. Cultured NIH-3T3 cells were
transfected with the human proa2(I) collagen promoter/CAT gene
construct pMS-3.5/CAT, as indicated in Methods. 3 h after the glyc-
erol shock, the cells were exposed to varying concentrations of
TGF-#I in serum-free medium for 40 h. The cells were then har-
vested, and CATactivity was determined as described in Methods.
(A) Autoradiogram of the CATassay depicting the separation of ace-
tylated (AC) and unacetylated (C) forms of ['4Cjchloramphenicol by
a thin-layer chromatography. (B) Quantitation of CATactivity, ex-
pressed as the percentage of acetylated ['4Clchloramphenicol per 1.0
jug of cell extract protein used for assay. The values are mean of du-
plicate cultures assayed as in A.

5.8 _
4.8 _

GAPDH

_ 1.3

TGFly - + + - - + + -

IFN- - - + + - + +

Figure 2. Assay of proal(I) collagen mRNAsteady-state levels in
human skin fibroblast cultures incubated for 24 h in medium supple-
mented with 1% fetal calf serum, TGF-,81 (5 ng/ml), and/or IFN-7y
(1,000 U/ml). Total RNAwas isolated and analyzed (12 jug per lane)
by Northern hybridizations with a human proal(I) collagen (left) or a
GAPDH(right) cDNA. The sizes of the two polymorphic mRNA
transcripts (5.8 and 4.8 kb) for human proal(I) collagen and the size
for GAPDHmRNA(1.3 kb) are indicated.
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Table II. Type I Collagen mRNAAbundance in HumanSkin
Fibroblasts Treated with TGF-flJ Alone or in Combination
with IFN-'y and/or TNF-a

Type I collagen mRNAlevels

Exp. I* Control TGF-Il TGF-01 + IFN--y IFN--y

proal(I) 1.80 10.50 4.22 1.34
(1.00) (5.83) (2.34) (0.74)

proa2(I) 1.88 5.94 1.85 1.30
(1.00) (3.16) (0.98) (0.69)

Type I collagen mRNAlevels

Exp. 2* Control TGF-61 TGF-# l + TNF-a TGF-jOl + TNF-a + IFN-y

proal(I) 1.34 6.38 1.55 1.67
(1.00) (4.76) (1.16) (1.24)

proa2(I) 0.32 0.71 0.34 0.45
(1.00) (2.22) (1.06) (1.41)

Human skin fibroblasts were exposed to TGF-3 1 (5 ng/ml) alone or
in combination with IFN-y (1,000 U/ml) and/or TNF-a (10 ng/ml)
for 24 h in DMEsupplemented with 1% FCS. The values represent
absorbance values scanned from X-ray films of Northern blots (see
Fig. 2), corrected for GAPDHmRNAin the same RNAprepara-
tions. The values in parentheses represent -fold activation of gene ex-
pression in treated cultures in comparison to the untreated controls.
* The same filters were successively hybridized with proa 1(I) and
proa2(I) collagen cDNAs. Thus, the values for the corresponding
mRNAsare not directly comparable.

proa l(I) and proa2(I) collagen mRNAlevels approximately
by 60-70% as compared to cells incubated with TGF-3l I alone
(Fig. 2 and Table II).

To test the effect of IFN-,y on proa2(I) collagen transcrip-
tional activity, human skin fibroblasts were transfected with
pMS-3.5 CAT and incubated with IFN--y (1,000 U/ml). The
results indicated only a slight suppression ( - 17%) of the CAT
activity (Table III). Also, exposure of human skin fibroblasts
transfected with proa2(I) collagen promoter/CAT gene con-
struct to TGF-f,1 (5 ng/ml) and IFN-,y (1,000 U/ml) indicated
that there was only a slight decrease (- 30%) in the CAT
activity in comparison to that noted with cells treated with
TGF-4 I alone (Table IV). Similarly, simultaneous exposure of

Table III. Effects of TNF-a and IFN-,y on the Expression
ofproa2(I)/CA T and pSV2CAT Plasmids in HumanSkin
Fibroblasts as Determined by CATActivity

CATactivity

Plasmid Control TNF-a IFN-y TNF-a + IFN-y

proa2(I)CAT 3.70±0.40 0.62±0.12 3.07±0.27 0.74±0.21
(1.00) (0.17) (0.83) (0.20)

pSV2CAT 42.22±2.60 41.44±8.56 21.15±6.80 24.62±5.20
(1.00) (0.98) (0.50) (0.58)

Humanskin fibroblasts were transfected with 20 Ag of proa2(I)CAT
or pSV2CAT, and the cultures were incubated with TNF-a (10
ng/ml) or IFN-y (1,000 U/ml) alone or in combination, as indicated,
in DMEsupplemented with 1% fetal calf serum. CATactivity was
determined, as described in Methods, and expressed as the percent-
age of conversion of ['4C]chloramphenicol to its acetylated deriva-
tives per 10 ,g of cell extract protein. The results are mean±SEMof
two independent experiments performed in duplicate. The values in
parentheses represent the -fold change in comparison with untreated
control cultures.

transfected NIH-3T3 cells to 5 ng/ml of TGF-,B1 and 1,000
U/ml of IFN-,y had a slightly suppressing effect (- 10%) on
the TGF-,3l induced enhancement of proa2(I) collagen pro-
moter activity (Table IV). Thus, the suppression of type I col-
lagen gene expression by IFN-y, as demonstrated on the
mRNAlevel, appears not to be transcriptionally mediated and
potentially revolves around the stability and turnover of the
newly synthesized collagen mRNA.

TNF-a was similarly tested in human skin fibroblast and
mouse NIH-3T3 cell cultures. Exposure of human skin fibro-
blasts transfected with pMS-3.5/CAT to 10 ng/ml of human
recombinant TNF-a resulted in - 83% inhibition of the
proa2(I) collagen promoter activity, while TNF-a did not have
a significant effect on the expression of pSV2CAT(Table III).
This observation suggested that TNF-a exerts its inhibitory
effects on type I collagen gene expression at the transcriptional
level. To test this hypothesis, skin fibroblasts were exposed to
TGF-,31 (5 ng/ml) alone or in combination with TNF-a (10
ng/ml). As expected, TGF-13I induced a 2.2-4.8-fold elevation
in endogenous type I collagen mRNAlevels (Table II, Exp. 2).
This stimulation was inhibited by TNF-a (10 ng/ml), which
suppressed type I collagen mRNAsteady-state abundance ap-

Table IV. Effects of TNF-a and IFN--y, in Combination with TGF-13J, on proa2(I) Collagen Promoter Activity
in HumanSkin Fibroblasts and NIH-3T3 Cells

Cells Control TGF-I81 TGF-ftl + TNF-a TGF-fil + IFN--y TGF-# I + TNF-a + IFN-y

HSF 3.25±0.80 15.76±3.62 4.96±0.93 10.83±3.09 0.97±0.21
(1.00) (4.85) (1.53) (3.33) (0.30)

NIH-3T3 6.54 49.71 25.84 44.47 15.96
(1.00) (7.60) (3.95) (6.80) (2.44)

Cells were transfected with 20 ug (human skin fibroblasts [HSF]) or 10 ug (NIH-3T3 cells) of proa2(I) collagen/CAT plasmid, and the trans-
fected cells were placed in DME+ 1%FCS (HSF) or DMEalone (NIH-3T3 cells). After a 3-h incubation, the growth factor(s) indicated were

added, and the cells were incubated for an additional 40 h. The cells were harvested and the CATactivity was measured. The values are ex-

pressed as the percentage of conversion of ['4C]chloramphenicol to its acetylated derivatives per 10 ,g of cell extract protein; mean±SEMof
three separate experiments each performed with duplicate cultures (HSF), or mean of duplicates in a single experiment (NIH-3T3 cells). The
values in parentheses indicate the change in CATactivity elicited by the growth factor(s) in relation to the corresponding untreated control cultures.
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proximately to the same levels that were seen in control cul-
tures (Table II). Interestingly, IFN-'y (1,000 U/ml) together
with TNF-a (10 ng/ml) did not further decrease the proa I(I)
collagen mRNAlevels in TGF-g I treated cells, as compared to
the effect noted with TNF-a alone (Table II). Again, incuba-
tion with growth factors did not change the transfection effi-
ciency, as determined by the plasmid copy number (32).

In transient transfection experiments with cultured human
skin fibro
induced ,
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are not transcriptionally mediated, and may reflect alterations
at posttranscriptional levels of gene expression. It is also con-
ceivable that the major effects of these growth factors in vivo
are related to the stimulation of fibroblast proliferation and/or
migration.

Discussion

blasts, TNF-a (10 ng/ml) also suppressed TGF-,Bl- Collagen accumulation is the pathologic hallmark of several
activation of proa2(I) collagen promoter activity fibrotic diseases affecting a variety of organs. Excessive colla-
the same level noted in untreated control cells (Fig. 3 gen deposition can lead to fibrosis of internal organs, as for
, IV). These results indicated that TNF-a is a potent example, in the case of pulmonary fibrosis or liver cirrhosis.
Of type I collagen gene expression and that it exerts its Also, skin is often affected by fibrotic processes. The prototype
marily at the transcriptional level. In support of this of fibrotic diseases is progressive systemic sclerosis, a general-
as the observation that co-treatment of transfected ized connective tissue disorder that involves not only the skin
TNF-a and IFN-"y completely abolished the activa- but also the lungs, heart, kidneys, and the gastrointestinal
oa2(I) collagen promoter by TGF-# I in human skin tract. Several previous studies have indicated that activation of
s (Fig. 3 and Table IV). Similar results were obtained collagen biosynthetic pathway plays mechanistically a role
NIH-3T3 cell cultures, although the suppression of leading to deposition of collagen. For example, collagen bio-
promoter activity was less than that in human skin synthesis, as determined by the formation of radioactive hy-
s (Table IV). These results suggest synergistic inhibi- droxyproline in fibroblast cultures established from these pa-
ve I collagen gene expression by IFN-'y and TNF-a. tients, is increased (19). Furthermore, type I procollagen
v of other growth factors on collagen gene expression. mRNAlevels are increased both in scleroderma cell cultures
dditional growth factors, including EGF, PDGF, (33, 34), as well as in affected tissue in vivo as detected by in
d IGF-I, were also tested for their effects on proa2(I) situ hybridizations (20, 35, 36), suggesting a regulation at the
Promoter activity. All four factors, tested in concen- pretranslational level. Finally, recent studies utilizing nuclear
f 1, 10, or 100 ng/ml, were ineffective in modulating run-on assays have suggested activation of collagen gene ex-
agen promoter activity in NIH-3T3 cells using simi- pression at the transcriptional level (37).
ions under which TGF-/31 and TNF-a were clearly The precise mechanisms leading to activation of collagen
results not shown). It is conceivable, therefore, that gene expression in fibrotic diseases are currently unknown.
;es previously observed as a result of exposure of However, recent observations that activation of collagen gene
D tissue cells to these growth factors (see Discussion) expression often occurs in the vicinity of inflammatory cells

present in the lesional skin (20, 35, 36) suggest that polypep-
tide growth factors, such as cytokines elaborated by lympho-
cytes and monocytes, may enhance collagen gene expression

__..' Amu. in these diseases. In support of this hypothesis are observations
indicating that TGF-f I expression is markedly elevated in the
lesional skin of patients with various forms of cutaneous fi-
brotic diseases (36). Since TGF-/i has been shown to be a

'*'* potent upregulator of collagen gene expression in a variety of
experimental situations, it may also play a role in the develop-
ment of fibrotic disorders.

Two lymphokine factors, TNF-a and IFN--y, have been
_ _i__ _shown to suppress collagen gene expression in cell cultures ( 15,

16). Also, IFN-,y has been shown to reduce collagen accumu-
lation in experimental fibrosis in animals (38). On the basis of
these observations, it has been suggested that interferons might
potentially serve as a therapeutic modality to counteract colla-
gen accumulation in fibrotic diseases (39).

In this study, we have examined the modulation of type I
procollagen promoter activity by a variety of polypeptide

- + + + + growth factors, including TGF-# I, TNF-a, and IFN-y. This
- - + - + approach was made feasible by previous studies that estab-
- - - + + lished that the human proa2(I) collagen/CAT reporter gene

chimeric construct used in our study is able to mimic physio-say of type I procollagen promoter activity in human logical expression of the gene when transiently expressed in
st cultures incubated with TGF-#1 (5 ng/ml), TNF-a human exbroasic ce (23) This construct conais 3.
nd/or IFN-'y (1,000 U/ml). The cell cultures were trans- human fibroblastic cells (23). Thus construct contains g 3.5
he proa2(I) collagen promoter/CAT gene construct kb of 5' flanking DNAfrom human proa2(I) collagen gene,
T, and the cells were incubated in medium containing cloned in front of the structural gene for CAT. Incubation of
serum in the presence of the polypeptide growth factors, cells transfected with this chimeric construct with TGF-ftl re-
The CATactivity was determined after 40 h of incuba- sulted in marked up-regulation of the promoter activity both
ibed in Methods and in Fig. 1. in cultured human skin fibroblasts and in mouse NIH-3T3

Collagen Gene Expression 1493



cells. The increases in the latter cells were up to 23-fold, while
the corresponding increase in human skin fibroblasts was ap-
proximately 5-fold. In human skin fibroblasts, the increase
noted in the promoter activity was accompanied by similar
increases in proa I(I) and proa2(I) collagen mRNAlevels.
Thus, the increase noted in the type I procollagen mRNA
steady-state levels appeared to reflect primarily activation of
transcription of the gene. These results are in agreement with
those previously reported by Rossi et al. (1 1), utilizing a mouse
proa2(I) collagen/CAT gene construct in NIH-3T3 cells. In
addition to the transcriptional activation, Penttinen et al. (40)
have demonstrated that stabilization of mouse proa 1(I) colla-
gen mRNAalso plays a role in TGF-f I -induced enhancement
of collagen gene expression. In the human skin fibroblast sys-
tem utilized in our study, the principal effect appears to be on
the transcriptional level of type I procollagen gene expression.
This conclusion was supported, in part, by the observation that
TGF-#3I did not alter the CATactivity in the cells transfected
with pSV2CATconstruct, indicating that TGF-,# had no effect
on the stability of CATmRNAor protein.

TNF-a and IFN-y were both shown to counteract the
TGF-f 1-induced enhancement of type I procollagen gene ex-
pression, as determined at the mRNAsteady-state level. The
results suggested, however, that the mechanism of inhibition
was different: TNF-a appeared to affect type I procollagen
gene expression on the transcriptional level, while IFN-'y ap-
peared to exert its effect primarily through destabilization of
the mRNA. These conclusions were supported by the obser-
vation that TNF-a had no effect on CAT activity in cells
transfected with pSV2CAT, suggesting that neither the SV40
promoter nor CAT mRNAis susceptible to modulation by
this polypeptide factor. However, IFN-y reduced the CATac-
tivity in these cells to about half of that noted in the controls
suggesting generalized enhancement of mRNAturnover. It
should be noted that the growth factor effects in NIH-3T3 cells
were obtained in serum-free medium. Similar results were ob-
tained in human skin fibroblasts even though these cultures
were supplemented with 1% fetal calf serum, indicating that
endogenous factors present in serum did not interfere with the
growth factor effects. These observations are in agreement
with previous studies which have used culture media with dif-
ferent concentrations of fetal calf serum, varying from 0 to
10% (8-11, 15, 16).

An interesting observation was the synergistic effect of
TNF-a and IFN-'y on proa2(I) collagen promoter activity (Fig.
3 and Table IV). A potential explanation for this synergism is
provided by the previous finding that IFN--y can increase the
number of TNF-a receptors in cultured cells, thus making
these cells more susceptible to TNF-a modulation (41). These
observations would suggest that a combination of polypeptide
factors, such as TNF-a and IFN-,y, would provide a potential
approach for a more efficient pharmacologic suppression of
collagen accumulation in fibrotic diseases than afforded by
either one of the peptide factors alone.

Acknowledgments

The authors thank May Wufor skillful technical assistance, and Char-
lene D. Aranda and Debra Pawlicki for expert secretarial help. Dr.
David R. Olsen, Collagen Corporation, Palo Alto, CA, kindly provided
TGF-fl.

This study was supported in part by grants GM-28833, AR-35297,
AR-38648, HL-41104, and T32-AR-07561. Dr. Kdhari is supported

by a Dermatology Foundation fellowship and the Finnish Cultural
Fund.

References

1. Abergel, R. P., and J. Uitto. 1987. Dermal fibrosis in cutaneous
diseases. Keloids as a model to study the mechanisms of collagen
deposition in tissues. In Diseases of Connective Tissue: The Molecular
Pathology of the Extracellular Matrix. J. Uitto and A. Perejda editors.
Marcel Dekker, Inc., NewYork. 345-366.

2. Uitto, J., D. R. Olsen, and M. J. Fazio. 1989. Extracellular
matrix of the skin: 50 years of progress. J. Invest. Dermatol. 92(Suppl.
1):61 s-77s.

3. Sporn, M. B., and A. B. Roberts. 1988. Peptide growth factors
are multifunctional. Nature (Lond.). 332:212-219.

4. Rothe, M., and V. Falanga. 1989. Growth factors: their biology
and promise in dermatologic diseases and tissue repair. Arch. Derma-
tol. 125:1390-1398.

5. Leroy, E. C., E. A. Smith, M. B. Kahaleh, M. Trojanowska, and
R. M. Silver. 1989. A strategy for scleroderma (systemic sclerosis): is
transforming growth factor (3 the answer? Arthritis Rheum. 32:817-
825.

6. Leof, E. B., J. A. Proper, A. S. Goustin, G. D. Shipley, P. E.
DiCorleto, and H. C. Moses. 1986. Induction of c-sis mRNAand
platelet-derived growth factor-like activity by transforming growth
factor type-a: a proposed model for indirect mitogenesis involving
autocrine activity. Proc. Natl. Acad. Sci. USA. 83:2453-2457.

7. Roberts, A. B., M. B. Sporn, R. K. Assoian, J. M. Smith, N. S.
Roche, L. M. Wakefield, U. I. Heine, L. A. Liotta, V. Falanga, J. H.
Kehrl, et al. 1986. Transforming growth factor type (f: rapid induction
of fibrosis and angiogenesis in vivo and stimulation of collagen forma-
tion in vitro. Proc. Natl. Acad. Sci. USA. 83:4167-4171.

8. Ignotz, R. A., T. Endo, and J. Massague. 1987. Regulation of
fibronectin and type I collagen mRNAlevels by transforming growth
factor-f. J. Bio. Chem. 262:6443-6446.

9. Raghow, R., A. E. Postlethwaite, J. Keski-Oja, H. L. Moses, and
A. H. Kang. 1987. Transforming growth factor-y increases steady state
levels of type I procollagen and fibronectin messenger RNAsposttran-
scriptionally in cultured human dermal fibroblasts. J. Clin. Invest.
79: 1285-1288.

10. Varga, J., J. Rosenbloom, and S. A. Jimenez. 1987. Trans-
forming growth factor (3 (TGF(3) causes a persistent increase in steady-
state amount of type I and type III collagen and fibronectin mRNAsin
normal human dermal fibroblasts. Biochem. J. 247:597-604.

11. Rossi, P., G. Karsenty, A. B. Roberts, N. S. Roche, M. S. Sporn,
and B. de Crombrugghe. 1988. A nuclear factor 1 binding site mediates
the transcriptional activation of a type I collagen promoter by trans-

forming growth factor-,8. Cell. 52:405-414.
12. Kahain, V.-M., J. Heino, and E. Vuorio. 1987. Interleukin-l

increases collagen production and mRNAlevels in cultured skin fibro-
blasts. Biochim. Biophys. Acta. 929:142-147.

13. Goldring, M. B., and S. M. Krane. 1987. Modulation by recom-

binant interleukin 1 of synthesis of types I and III collagens and asso-

ciated procollagen mRNAlevels in cultured buman cells. J. Biol.
Chem. 202:16724-16729.

14. Postlethwaite, A. E., R. Raghow, G. P. Stricklin, J. Poppleton,
J. M. Seyer, and A. H. Kang. 1988. Modulation of fibroblast functions
by interleukin 1: increased steady-state accumulation of type I procol-
lagen messenger RNAs and stimulation of other functions but not
chemotaxis by human recombinant interleukin 1 a and (3. J. Cell Biol.
106:311-318.

15. Mauviel, A., M. Daireaux, F. Redini, P. Galera, G. Loyau, and
J.-P. Pujol. 1988. Tumor necrosis factor inhibits collagen synthesis in
human dermal fibroblasts. FEBS (Fed. Eur. Biochem. Soc.) Lett.
236:47-52.

16. Solis-Herruzo, J. A., D. A. Brenner, and M. Chojkier. 1988.
Tumor necrosis factor a inhibits collagen gene transcription and col-
lagen synthesis in cultured human fibroblasts. J. Biol. Chem.
263:5841-5845.

1494 Kahari et al.



17. Rosenbloom, J., G. Feldman, B. Freundlich, and S. A. Jimenez.
1984. Transcriptional control of human diploid fibroblast collagen
synthesis by y-interferon. Biochem. Biophys. Res. Commun. 123:365-
372.

18. Stephenson, M. L., S. M. Krane, P. M. Amento, P. A. McCros-
kery, and M. Byrne. 1985. Immune interferon inhibits collagen synthe-
sis by rheumatoid synovial cells associated with decreased levels of the
procollagen mRNAs. FEBS (Fed. Eur. Biochem. Soc.) Lett. 180:43-
50.

19. Uitto, J., E. A. Bauer, and A. Z. Eisen. 1979. Scleroderma:
increased biosynthesis of triple-helical type I and type III procollagens
associated with unaltered expression of collagenase by skin fibroblasts
in culture. J. Clin. Invest. 64:921-930.

20. Kdhdri, V.-M., J. Heino, L. Niskanen, J. Frdki, and J. Uitto.
1990. Eosinophilic fasciitis: Increased collagen production and type I
procollagen mRNAlevels in fibroblasts cultured from involved skin.
Arch. Dermatol. 126:613-617.

21. Kdhdri, V.-M., M. Sandberg, H. Kalimo, T. Vuorio, and E.
Vuorio. 1988. Identification of fibroblasts responsible for increased
collagen production in localized scleroderma by in situ hybridization.
J. Invest. Dermatol. 90:664-670.

22. Abergel, R. P., D. Pizzurro, C. A., Meeker, G. Lask, L. Y.
Matsuoka, R. R. Minor, M.-L. Chu, and J. Uitto. 1985. Biochemical
composition of the connective tissue in keloids and analysis of collagen
metabolism in keloid fibroblast cultures. J. Invest. Dermatol. 84:384-
320.

23. Boast, S., M.-W. Su, F. Ramirez, M. Sanchez, and E. V. Avve-
dimento. 1990. Functional analysis of cis-acting DNAsequences con-
trolling transcription of the human type I collagen genes. J. Biol.
Chem. 265:13351-13356.

24. Graham, F., and A. Van der Ed. 1973. A new technique for the
assay of infectivity of human adenovirus S DNA. Virology. 52:456-
457.

25. Gorman, C. M., L. F. Moffat, and B. H. Howard. 1982. Recom-
binant genomes which express chloramphenicol acetyltransferase in
mammalian cells. Mol. Cell. Biol. 2:1044-1051.

26. Fazio, M. J., V.-M. Kahari, M. M. Bashir, B. Saitta, J. Rosen-
bloom, and J. Uitto, 1990. Regulation of elastin gene expression: evi-
dence for functional promoter activity in the 5'-flanking region of the
human gene. J. Invest. Dermatol. 94:191-196.

27. Chirgwin, J. M., A. E. Przybyla, R. J. MacDonald, and W. J.
Rutter. 1979. Isolation of biologically active ribonucleic acid from
sources enriched in ribonuclease. Biochemistry. 18:5294-5299.

28. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
Cloning: A Laboratory Manual. Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY.

29. Chu, M.-L., J. C. Myers, M. P. Bernard, J.-F. Ding, and F.
Ramirez. 1982. Cloning and characterization of five overlapping
cDNAs specific for the human proa 1(I) collagen chain. Nucleic Acids
Res. 10:5925-5934.

30. Myers, J. C., M.-L. Chu, S. H. Faro, W. J. Clark, D. J. Prockop,
and F. Ramirez. 1981. Cloning of a cDNAfor the pro alpha 2 chain of
human type I collagen. Proc. Natl. Acad. Sci. USA. 28:3516-3520.

31. Fort, P., L. Marty, M. Piechaczyk, S. El Sabrouty, C. Danz, P.
Jeanteur, and J. M. Blanchard. 1985. Various rat adult tissues express
only one major mRNAspecies from the glyceraldehyde-3-phosphate-
dehydrogenase multigenic family. Nucleic Acids Res. 13:1431-1442.

32. Hirt, B. 1967. Selective extraction of polyoma DNAfrom in-
fected mouse cultures. J. Mol. Biol. 26:365-369.

33. KAhari, V.-M., T. Vuorio, K. Nanto-Salonen, and E. Vuorio.
1984. Increased type I collagen mRNAlevels in cultured scleroderma
fibroblasts. Biochim. Biophys. Acta. 781:183-186.

34. Abergel, R. P., M.-L. Chu, E. A. Bauer, and J. Uitto. 1987.
Regulation of collagen gene expression in cutaneous diseases with der-
mal fibrosis. J. Invest. Dermatol. 88:727-731.

35. Scharffetter, K., B. Lankat-Buttgereit, and T. Krieg. 1988. Lo-
calization of collagen mRNAin normal and scleroderma skin by in
situ hybridization. Eur. J. Clin. Invest. 18:9-17.

36. Peltonen, J., L. Kiihari, S. Jaakkola, V.-M. Kahari, J. Varga, J.
Uitto, and S. A. Jimenez. 1990. Evaluation of transforming growth
factor , and type I procollagen gene expression in fibrotic skin diseases
by in situ hybridization. J. Invest. Dermatol. 94:365-371.

37. Kaihari, V.-M., P. Multimdki, and E. Vuorio. 1987. Elevated
proa2(I) collagen mRNAlevels in cultured scleroderma fibroblasts
result from an increased transcription rate of the corresponding gene.
FEBS(Fed. Eur. Biochem. Soc.) Lett. 215:331-334.

38. Granstein, R. D., G. F. Murphy, R. J. Margolis, M. H., Byrne,
and E. P. Amento. 1987. Gamma-interferon inhibits collagen synthesis
in vivo in the mouse. J. Clin. Invest. 79:1254-1758.

39. Berman, B., and M. R. Duncan. 1989. Short-term keloid treat-
ment in vivo with human interferon alfa-2b results in a selective and
persistent normalization of keloidal fibroblast collagen, glycosamino-
glycan, and collagenase production in vitro. J. Am. Acad. Dermatol.
81:694-702.

40. Penttinen, R., S. Kobayashi, and P. Bornstein. 1988. Trans-
forming growth factor ,B increases mRNAfor matrix proteins both in
the presence and in the absence of changes in mRNAstability. Proc.
Natl. Acad. Sci. USA. 85:1105-1108.

41. Tsujimoto, M., and J. Vilcek. 1986. Tumor necrosis factor
receptors in HeLa cells and their regulation by interferon-y. J. Biol.
Chem. 261:5384-5388.

Collagen Gene Expression 1495


