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Summary

Transforming growth factor-p (TGF-p) increases the
steady-state RNA levels of several fibroblast extracel-
lular matrix proteins. Using DNA transfection, we
show that TGF-§ stimulates the activity of the mouse
u2(l) collagen promoter 5- to 10-fold in mouse NiH 3T3
and rat osteosarcoma cells. Deletion analysis indi-
cates that a segment of this promoter between —350
and —300, overlapping a nuclear factor 1 (NF1) bind-
ing site, is needed for TGF-f stimulation. A 3 bp substi-
tution mutation abolishing NF1 binding to this site in-
hibits TGF-p activation. Insertion of this NF1 binding
site 5' to the SV40 early promoter makes the promoter
TGF-§ inducible, but the 3 bp substitution does not.
Similarly, when the NF1 binding site at the replication
origin of adenovirus 2 and 5 is inserted 5’ to the SV40
promoter, the promoter responds to TGF-p. Therefore
an NF1 binding site mediates the transcriptional acti-
vation of the mouse o2(l) collagen promoter by TGF-.

Introduction

Transforming growth factor-p (TGF-8) is a muitifunctional
peptide regulator of cellular activity (Roberts and Sporn,
1987). 1t is composed of two disulfide-bonded identical
subunits of 112 amino acids that are derived from a much
larger precursor polypeptide (Frolik et al., 1983; Assoian
et al., 1983; Roberts et al., 1983; Derynck et al., 1985).
One striking effect of TGF-B in certain fibroblasts is to
stimulate anchorage-independent growth (Roberts et al.,
1981). This effect, which served initially as the basis for
the purification of the peptide, is seen when TGF-§ is ei-
ther acting alone or is in association with epidermal
growth factor (EGF) or TGF-a, depending on the type of
cells used in the assay (Shipley et al., 1985; Roberts et al.,
1985). In contrast to this role in stimulating cell prolifera-
tion, TGF-p also causes growth inhibition of other cell
types such as epithelial celis (Moses et al., 1985; Masui
et al., 1986; Shipley et al., 1986), endothelial cells (Baird
and Durkin, 1986; Frater-Schrdder et al., 1986; Heimark
etal., 1986), and B and T lymphocytes (Kehrl et al., 1986a,
1986b). Still another important role of TGF- is its effect on

differentiation of a number of cell types. The hormone pre-
vents differentiation of preadipocytes (Ignotz and Mas-
sagué, 1985), myoblasts (Massagué et al., 1986; Florini et
al., 1986; Olson et al., 1986), and T and B lymphocytes,
whereas it activates the differentiation phenotype of chon-
droblasts (Rosen et al., 1986; Seyedin et al., 1987).

It has recently become clear that in addition to its role
in the growth control of fibroblasts, TGF-§ also stimulates
the synthesis of several extracellular matrix proteins by
these cells, including type | collagen and fibronectin (Ig-
notz and Massagué, 1986; Roberts et al., 1986; Varga and
Jimenez, 1986; Fine and Goldstein, 1987). This effect of
TGF-f is observed both with a variety of fibroblasts in cul-
ture cells as well as in the intact animal. Indeed, subcuta-
neous injection of TGF-B in the newborn mouse causes
the appearance of a proliferative nodule composed prin-
cipally of extracellular matrix and fibroblasts (Roberts et
al., 1986). Given its role in stimulating the synthesis of ex-
tracelluiar matrix components, it is likely that TGF-p also
plays an important role during wound healing (Sporn and
Roberts, 1986) as well as in the pathogenesis of various
fibrotic diseases.

The diverse cellular roles of TGF-f are presumabily all
mediated by interactions between the growth factor and
specific receptors for the hormone located in the plasma
membrane (Massagué and Like, 1985; Massagué, 1985;
Cheifetz et al., 1986; Fanger et al., 1986; Cheifetz et al.,
1987). However, the components and the nature of the in-
tracellular signaling pathways that are likely to be trig-
gered as aresult of the interactions of TGF-p with its recep-
tors are completely unknown.

To investigate the intracellular changes that mediate
TGF-B action, we have initiated studies on the mechanism
of TGF-B induced increase in synthesis of extracelluiar
matrix components by fibroblasts in culture.

Since TGF-B increases the steady-state RNA levels of
several extracellular matrix components such as type |, I,
and V collagen and fibronectin in fibroblastic cells (Ignotz
et al., 1987; Roberts et al., 1988), we have examined
whether a chimeric gene in which the a2(l) collagen pro-
moter is fused to a marker gene can be activated in DNA
transfection experiments by treatment of fibroblasts with
TGF-8. This activation is shown here to be mediated by a
specific sequence in the promoter that is a binding site for
nuclear factor 1 (NF1).

NF1 was first discovered as a factor required for the in
vitro initiation of replication of adenovirus DNA (Nagata et
al., 1982, 1983; Rawlins et al., 1984). Biochemical and
genetic experiments have indicated that the high-affinity
binding of NF1 to a specific site at the origin of replication
of the adenovirus genome is essential for DNA replication
both in vivo and in vitro (Rawlins et al., 1984; Wang and
Pearson, 1985; Hay, 1985; de Vries et al., 1985). NF1 bind-
ing sites were later also identified in several viral and cel-
lular promoters (Hennighausen et al., 1985; Nowock et al.,
1985; de Vries et al., 1985; Rosenfeld and Kelly, 1986;
Schneider et al., 1986). Recently NF1 was shown to stimu-
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late transcription of the a1 globin promoter in vitro (Jones
et al., 1987). This cellular factor therefore has a role both
in DNA replication and in RNA transcription.

We propose that the control of other genes by TGF-p
might also be mediated by NF1 binding sites.

Results

Treatment of several fibroblastic cells such as NRK,
mouse NIH 3T3, and rat osteosarcoma cells with TGF-p in-
creases the steady-state RNA levels for several extracellu-
lar matrix proteins, including a2(1), a1(llf), and a2(V) colla-
gen and fibronectin, between 3 and 6-fold whereas the
levels of a control RNA such as the RNA for glyceralde-
hyde phosphate dehydrogenase are unchanged (Roberts
et al., 1988). ignotz et al. (1987) similarly reported that the
levels of fibronectin and a2(l) collagen RNA were elevated
after TGF-B treatment of NRK cells and of the mesen-
chymal rat cell line LgEqo.

TGF-p Activates the Mouse 02(l) Collagen Promoter

To examine whether the increased levels of a2(l) collagen
RNA after treatment of fibroblasts with TGF-f could be ac-

NIH3T3

ROS17/2

Figure 1. Schematic Representation of Wild-
Type Plasmids Used in DNA Transfection Ex-
periments

Plasmid pR40 contains sequences of the
mouse a2(l) collagen gene between —-2000
and +54, and sequences of this gene present
in the first intron between +418 and +1524,
which have enhancer activity (Rossi and de
Crombrugghe, 1987). The promoter sequences
are fused to a segment containing the CAT
gene and SV40 processing signals. Plasmid
pAZ1003 is identical to pR40 except that it does
not contain the mouse a2(l) collagen enhancer
sequences (Schmidt et al., 1986). Plasmid
pA10CAT contains the early promoter of SV40
fused to the CAT gene (Laimins et al., 1984).

6.8 Kb

5.6 Kb

counted for by an increased activity of the corresponding
promoter, DNA transfection experiments were performed.
The chimeric plasmid pR40 used in these experiments
contains two important regulatory segments of the mouse
02(l) collagen gene located on each side of the start of
transcription (see Figure 1). The first segment, which
maps between —2000 and +54 and contains the pro-
moter of this gene, is fused to the gene for chloram-
phenicol acetyltransferase (CAT). The second collagen
fragment, from +418 to +1524, contains a cell-specific
transcriptional enhancer located in the first intron of this
gene (Rossi and de Crombrugghe, 1987). This fragment
is inserted 3’ to the CAT gene and the poly(A) addition site
of the vector. Previous transient expression experiments
have shown that after DNA transfection of this plasmid,
CAT RNA initiates at the same site in the promoter of the
chimeric gene as does a2(l) coliagen RNA in the endoge-
nous gene (Rossi and de Crombrugghe, 1987).

DNA transfection experiments were performed both in
mouse NiH 3T3 fibroblasts and in ROS 17/2 celis, a rat os-
teosarcoma celi line. All transfections were transient ex-
pression experiments in which TGF-B was added after the
DNA transfection period. Addition of TGF-p to either NIH

Figure 2. Effect of Mutations in the a2(l) Colla-
gen Promoter
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pG3 contains a 3 bp substitution mutation be-
tween -305 and -303. The wild-type se-
guence contains on the lower strand (not
shown) a characteristic GCCAA sequence be-
tween -303 and —307. CAT activities are ex-
pressed relative to the levels of CAT activity ob-
tained with pR40 in the absence of TGF-B.
Values represent averages of at least two inde-
pendent transfection experiments.
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Table 1. Specificity of TGF-p

CAT Activity (com [x 1073] per mg protein)

Experiment Peptide Growth Factor NIH 3T3 Cells ROS 17/2 Cells
1 None 8.2 2.3
EGF (5 ng/ml) 11.5 4.0
Basic FGF (5 ng/ml) 18.7 2.1
PDGF (5 ng/ml) 13.6 3.4
- TGF-81 (5 ng/ml) 52.6 14.7
TGF-2 (5 ng/mi)’ 55.5 ND
2 None 3.7
EGF (10 ng/ml) 3.2
TGF-B1 (5 ng/ml) 14.1
EGF (10 ng/ml) + TGF- (5 ng/ml) 7.8

Cells were transfected with 10 pg pR40 DNA. ND, not determined; see text for other abbreviations.

3T3 fibroblasts or ROS 17/2 cells transfected with plasmid
pR40 causes a marked stimulation in the levels of CAT ac-
tivity (Figure 2). The concentration of TGF-§ needed for
half-maximal stimulation of CAT activity in NIH 3T3 fibro-
blasts is 5 pM (data not shown), which corresponds to the
half-maximal concentration needed for other effects of
TGF-p (Roberts and Sporn, 1987). It aiso corresponds to
the binding affinity of TGF-B for its receptor(s). A similar
concentration of TGF-p for half-maximal stimulation of
CAT activity was found after DNA transfection of ROS 17/2
cells (data not shown).

TGF-B also increases the expression of the CAT gene
more than 7-fold when an a1(lll) collagen promoter is
fused to this gene (data not shown). In contrast, with a
construct in which the CAT gene is driven by the early pro-
moter of SV40 (pA10CAT,) (see Figure 4A, top line) or by
the tyrosine aminotransferase promoter, no significant
stimulation of CAT gene expression by TGF-f is observed.
Furthermore, although the activity of the a2(l) collagen
promoter is about 10 times lower without its enhancer,
TGF-B siill stimulates this promoter 6 to 7-fold when pres-
ent in a plasmid from which the enhancer has been re-
moved (data not shown).

Specificity of TGF-p

Table 1 compares the effect of TGF-p and of several other
hormones on the level of CAT gene expression when plas-
mid pR40 (the plasmid containing both the a2[l] collagen
promoter and the enhancer of this gene) is used for the
transfections. The table shows the results of transient ex-
pression experiments in both mouse NIH 3T3 fibrobiasts
and ROS 17/2 cells. EGF and platelet-derived growth fac-
tor (PDGF) show little effect in NIH 3T3 fibroblasts,
whereas basic fibroblast growth factor (FGF) shows a
2-fold stimulation of CAT gene expression in these cells.
In ROS 17/2 cells, EGF shows some stimulation but clearly
less than TGF-B. The effects of TGF-B2 (Cheifetz et al,,
1987) on the o2(l) collagen promoter are identical to those
of TGF-p1. TGF-B2 is similar in size and biological proper-
ties to TGF-B, although the 36 amino-terminal residues of
TGF-p2 show only a 69% sequence identity with the same
segment in TGF-. In a parallel experiment performed un-

der the same conditions as the transfection experiments,
a cell count was determined 22 days after the addition of
growth factor. The cell number was approximately 70%
higher in the presence of either EGF, FGF, TGF-B, or TGF-
B2 than in the absence of added growth factors, whereas
with PDGF the cell number was twice as high as with the
control. We conclude that the effect of TGF-p and of TGF-
B2 on the activity of the a.2(l) collagen promoter is specific
for these hormones and not directly dependent on the ef-
fect of TGF-B on cell proliferation. Table 1 also shows that
the addition of EGF together with TGF-f decreases the
stimulatory effect of TGF-p. It was previously shown that
EGF decreases the ability of TGF-p to stimulate collagen
synthesis in human dermal fibroblasts and rat NRK cells
(Roberts et al., 1986).

Effect of TGF-} on Mutants of the «2(l)

Collagen Promoter

To examine which sequences within the a2(l) collagen
promoter and upstream regions could be responsible for
the effect of TGF-B, several mutations were examined in
which portions of the a2(l) collagen promoter and up-
stream sequences had been deleted (Figure 2). The
boundaries of the various deletion mutants, which are all
derivatives of pR40 and contain an intact a2(l) collagen
enhancer, are shown in Figure 2. It should be noted that
for most deletions, the basal level of CAT activity in the ab-
sence of TGF-p varies from that observed with the wild-
type. With a deletion that removes sequences from —2000
to —500 (pR1015), a stimulaiory effect of TGF-p on CAT
gene expression is observed, but this stimulation is less
pronounced than with the wild-type promoter. In contrast,
with a deletion between —500 and -350 (pR1019), the
stimulatory effect of TGF-B is more pronounced than with
the wild-type promoter. With both deletions the basal level
of CAT activity, in the absence of TGF-8, is higher than with
the wild-type plasmid. A deletion between -233 and —110
shows a low basal level, but this low basal level can still
be induced about 4-fold. However, with all deletions that
have position —350 as their approximate 5’ endpoint, the
inducibility of TGF- is strongly reduced. The smallest of
these deletions (pR1062) extends between -346 and
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—300. This deletion is also not inducible by TGF-B after
transfection of ROS 17/2 cells. These experiments suggest
that an element that lies between -350 and —-300 in the
a2(l) collagen promoter is responsible for the effect of
TGF-B.

In previous experiments using several DNA binding as-
says, we had observed that a factor present in nuclear ex-
tracts of NIH 3T3 fibroblasts and rat liver binds to the seg-
ment approximately between -~310 and -290 in this
promoter (Oikarinen et al., 1987). This factor was identi-
fied, on the basis of competition experiments, as NF1. In-
deed, binding of a factor present in NIH 3T3 fibroblasts to
this sequence was competitively inhibited by a consensus
binding site for NF1. The segment between -310 and
—290 contains on the template strand of the DNA a se-
quence 5-TCGxxxxxGCCAAG-3' which resembles other
NF1 binding sites. To examine the possibility that a bind-
ing site for NF1 mediates the effect of TGF-p on the o2()
collagen gene, we generated by site-specific mutagenesis
a 3 bp substitution in the NF1 recognition site of the a.2(1)
collagen promoter, which changes the wild-type se-
quence from GCCAAG to TAAAAG.

Two different experiments indicate that this mutation
abolishes the binding of NF1. We first performed a gel
retardation assay using a 117 bp DNA fragment containing
sequences between -351 and —234, and a crude nuclear
extract of NIH 3T3 fibroblasts. As we have shown previ-
ously, a major retarded band is observed (Figure 3A) that
is due to the binding of a factor identified as NF1 (Oikari-

Figure 3. Comparison of NF1 Binding to the
Wild-Type and Mutant —~300 Segment

(A) Gel retardation assay using a 5-end-
labeled 117 bp Bglll-Tagl fragment containing
the sequence between -351 and —-234, and a
crude nuclear extract from NIH 3T3 fibroblasts.
Competition experiments were performed with
either the same, unlabeled fragment (wild type)
or the corresponding mutant fragment. Molar
amounts of unlabeled competitor fragment vs.
labeled test fragment are indicated.

(B) DNAase | footprint of a 5-end-labeled 117

between —351 and -234 of either the wild-
- type a2(l) collagen promoter (pR40) (left) or of
’ the same fragment with a 3 bp substitution
from —305 to —303 (pG3) (right). In lanes la-
beled “+ Extract,’ DNA was preincubated with
a heparin-agarose fraction of rat liver nuclear
extract containing NF1 binding activity. Where
indicated a 3000-fold molar excess of double-
stranded oligonucleotides was added as com-
petitor. The double-stranded oligonucleotides
are a 32 bp wild-type sequence (-316 to ~285
in the o2[l] collagen promoter) designated
PR40, a 16 bp sequence at the origin of replica-
tion of adenovirus 2 and 5 (see Figure 4B), and
” a 32 bp sequence (—316 to —285 in the a2]i}
collagen promoter, with a 3 bp substitution mu-
tation as indicated in Figure 4A) designated
pG3. Sites that are hypersensitive to DNAase
| digestion are indicated with arrows. The area

of protection is indicated with brackets.

;’ bp Bglll-Tagl fragment containing sequences
-

nen et al., 1987). Excess amounts of wild-type unlabeled
(—351 to —234) fragment compete for binding, but the
same fragment containing the 3 bp substitution mutation
does not. As a source of NF1 we also used a partially puri-
fied preparation of NF1 obtained from rat liver. The factor
present in this preparation protects the wild-type se-
quence between ~-310 and -290 in a DNAase | footprint
assay. As was seen previously (Oikarinen et al., 1987),
binding of the factor also generates DNAase | hypersensi-
tive sites in this assay. Figure 3B shows that both the pro-
tection and the hypersensitivity are strongly decreased by
addition of excess amounts of either a double-stranded
oligonucleotide containing the NF1 binding site at the
origin of replication of adenovirus 2/5 or by a double-
stranded oligonucleotide containing the wild-type sequence
between —316 and -285 in the mouse a2(l) collagen pro-
moter. No competition is observed with a double-stranded
oligonucleotide containing the same sequence with the 3
bp substitution 'mutation. Furthermore, no protection or
hypersensitive sites are detected when the 117 bp frag-
ment (from —351 to —~234) from plasmid pG3, which con-
tains the 3 bp substitution, is used in the DNAase | foot-
print assay. Finally, we have used a completely purified
preparation of NF1 (a kind gift from T. Kelly, Johns Hopkins
University). In gel retardation assays this factor binds to
the wild-type —351 to —234 fragment butnot to the mutant
fragment (C. Ruteshouser, personal communication).
The plasmid containing this 3 bp mutation was also
tested by DNA transfection. As shown in Figure 2, the mu-



TGF-p and NF1 Binding Site
409

Bgill
pBR322 I—.rc_AT—
svap ——
— Promoter
351 234
pBR322 v :C T~
Sv40
— — Promoter
BR32 —351  -234
paR3Z2 CAT
T Sv40
«— Promoter
pBR322 —234 351
CA
SV40
—» Promoter
pBR322 —316 285
CAT
svag
—e —» Promoter
pBR322 ~316-285
CAT
316285 ——SV4
«— Promoter
2685 —316
pBR322 % T
svag ——
—a Promoter
—316-285
pBR322 :r_:_"nl rea
svap ——
Promoter
-316

RELATIVE CAT
ACTIVITY

Control +TGf-[3 Ratio
1.0 0.5 09
34 1341 39
1.2 18 98
04 14 35
24 105 44
48 16.0 35
07 24 34
0.6 0.6 1.0

-285

—-352

¥ 233

¥
AGATCTGTAAAGAGCCCACGTAGGTGTCCTAAAGTGCTTCCAAACTTGGCAAGGGCGAGAGAGGGCGGGTGGCTGGGGAGGGCGGAGGTATGCAGACAGGGAGTCAGAGTTCCCCCTCGA

TCTAGACATTTCTCGGGTGCATCCACAGGATTTCACGAAGGTTTGAACCGTTCCCGECTCTCTCCCGCCCACCGACCCCTCCCGCCTCCATACGTCTGTCCCTCAGTCTCAAGGGGGAGET
CTTCCAAACTTTTAAAGGSCGAGAGAGGGCGE
4cucanmunnnnccncrcnrcccncc‘

-316 -285
B Bgl I RELATIVE CAT ACTIVITY
o2 v * -TGF-§  +TGF-§ RATIO
1. pA10 CAT. P i rea |
2 LT 1.0 1.0 1.0
Promoter
2. +Adeno2/5 _ peraz | —
NF1 site p t {cat 9.1 28.9 3.2
5 GATCTTGGATTGAAGCCARG 3
3" AACCTAACTTCGGTTCCTAG 5’
3. + Chick
pBR322
a2(I)COLLAGEN ] {car o5 06 12

r R —
5 GATCTGCAACAAAGCAGGGCGAGGGGG 3°
3" ACGTTGYTTCGTCCCGCTCCCCLCCCTAG 5°

Figure 4. Nuclear Factor Binding Sites Confer TGF-B Inducibility to the SV40 Promoter

(A) The top line represents pA10CAT,. All other plasmids represent constructs in which DNA fragments were inserted into the Bglll site of pA10CAT,
5'to the SV40 promoter. Horizontal arrows indicate the orientation of fragments in the recombinant plasmids. In the construct shown on the bottom
line the —316 to —285 double-stranded oligonucleotide inserted in the Bglll site contains the 3 bp substitution mutation present in plasmid pG3
(M). Transfections were performed with 10 ug DNA in NIH 3T3 fibroblasts. Results are expressed relative to the CAT activity obtained with pA10CAT,
in the absence of TGF-B. Values are averages of at least three independent transfection experiments. The sequence between —352 and —-233 in
the mouse a2(l) collagen promoter is shown below. The fragment between —316 and —285 is bracketed. The sequence inserted into the bottom
construct, which contains a 3 bp substitution mutation (indicated by a line above the sequence) in the NF1 site, is also shown.

(B) The NF1 binding site at the origin of replication of adenovirus 2 and 5 confers TGF-f inducibility to the SV40 promoter. Transfections were per-
formed in NIH 3T3 fibroblasts with 10 pg of plasmid DNA. The indicated double-stranded oligonucleotides were inserted into the Bglll site of
PA10CAT,, 5' to the SV40 early promoter. The sequence in the chick a2(l) collagen promoter maps between —343 and —323. CAT activities are
expressed relative to the CAT activity obtained with pA10CAT in the absence of TGF-p.

tation (pG3) virtually eliminates the stimulatory effect of
TGF-B on the activity of the a2(l) collagen promoter both
in NIH 3T3 fibroblasts and in ROS 17/2 cells. In NIH 3T3
fibroblasts but notin ROS 17/2 cells the mutation produces
a surprisingly high basal level of promoter activity in the
absence of TGF-p (see Discussion).

The TGF-3 Sensitive Segment of the

Collagen Promoter Confers TGF-p

Inducibility to the SV40 Promoter

We wanted to examine whether the segment of the mouse
a2(l) collagen promoter that, by deletion analysis, appears
to mediate the stimulatory effect of TGF- on the o2(l) pro-
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moter confers TGF-B dependent inducibility to another
promoter that by itself is not stimulated by TGF-. The
DNA segment between —350 and -233 in the mouse
a2(l) collagen gene was therefore inserted 5’ to the early
promoter of SV40 in the Bglll site of pA10CAT,. As is indi-
cated in the first line of Figure 4A, this promoter is not in-
duced by TGF-B. Figure 4A shows that when the —350 to
—233 promoter segment is inserted in the same orienta-
tion as in the collagen promoter, TGF- induces the SV40
promoter 4 to 5-fold. The basal level of activity of the pro-
moter also shows an increase. With two copies in the
same orientation, the TGF-p induction over the basal level
is more pronounced. Furthermore, TGF-§ also induces the
activity of the SV40 promoter when the same segment is
inserted in the opposite orientation.

Similar results were obtained when a smaller segment,
containing the sequence between —315 and —284 in the
a2(l) collagen promoter, was inserted in the Bglll site of
pA10CAT,, 5' to the SV40 promoter. This segment corre-
sponds to the site protected by NF1 in DNAase | footprint
experiments plus a few base pairs on each side of the pro-
tected area (Oikarinen et al., 1987). As shown in Figure 4A,
TGF-f increases the activity of the SV40 promoter when
this fragment is cloned in either orientation or when two
copies of the fragment are inserted, although the basal
level is lower in the opposite than in the direct orientation.
However, when the same —315 to —284 fragment contain-
ing the 3 bp substitution mutation of pG3 was inserted in
the Bglll site of pA10CAT,, TGF-p failed to produce any in-
crease in CAT activity (last line of Figure 4A). These ex-
periments indicate that the segment in the a2(l) collagen
promoter that we previously had identified as a binding
site for NF1 confers TGF-p inducibility to another promoter.

NF1 was initially identified as a cellular factor stimulat-
ing in vitro replication of adenovirus DNA (Nagata et al.,
1983). A specific binding site for NF1 was demonstrated
at the origin of DNA replication in the adenovirus genome.
This site is essential for adenovirus DNA replication both
in vitro and in intact cells (de Vries et al., 1985; Hay, 1985;
Wang and Pearson, 1985). To test whether this sequence
would also confer TGF-f inducibility to the SV40 early pro-
moter, we inserted a 16-mer synthetic double-stranded oli-
gonucleotide, corresponding to the NF1 binding site in the
adenovirus origin of replication, 5’ to the early SV40 pro-
moter. As shown in Figure 4B, DNA transfection with this
construct leads to an increase in the basal level of activity
of the SV40 promoter. Treatment of cells with TGF-B clearly
induces the activity of this promoter at least 3-fold more.

As an additional control for the experiments shown in
Figures 4A and 4B, another double-stranded oligonucleo-
tide was cloned into the Bglll site of pA10CAT,. This oli-
gonucleotide contains the sequence of a segment of the
chick a2(l) collagen promoter between —343 and -323.
This segment is partially homologous with the mouse se-
quences between —-315 and -285, but the chick se-
quence does not show any homologies with a nuclear fac-
tor binding site. Figure 4B shows that TGF-8 is unable to
stimulate CAT gene expression with this construct is
transfected into NIH 3T3 fibroblasts. With this construct

the basal level of CAT activity is also not increased above
the control level.

Discussion

TGF-p Causes Transcriptional Activation
of the a2(l) Collagen Promoter
The results of our DNA transfection experiments demon-
strate that treatment of fibroblasts and osteosarcoma cells
with TGF-p causes an activation of the promoter of the
a2(l) collagen gene. This transcriptional activation couid
account in large part for the increased collagen synthesis
and the increased steady-state levels of type | collagen
RNAs observed after treatment of fibroblasts with TGF-8.
The two types of cells that we have used for the DNA
transfection experiments, NIH 3T3 fibroblasts and ROS
17/2 cells, show different proliferative responses to TGF-f.
Whereas TGF-p stimulates the growth of NIH 313 fibro-
blasts under the conditions of the transient expression ex-
periments, it has no or very little effect on the growth of
ROS 17/2 cells under these conditions. Yet the effect of
TGF-B on the activity of the wild-type a2(l) collagen pro-
moter and on mutants of this promoter is similar with the
two kinds of cells. It is therefore unlikely that the increased
CAT gene expression in TGF-f treated NIH 3T3 fibroblasts
is a nonspecific consequence of the growth stimulation of
these cells by TGF-B. Other peptides that stimulate the
growth of these cells, such as FGF, EGF, and PDGF, have
little effect on the activity of the a2(l) collagen promoter.
Finally, the specificity of activation of the a2(l) collagen
promoter is shown by the fact that the SV40 promoter is
not stimulated by TGF-8 in either NIH 3T3 fibroblasts or
ROS 17/2 cells and by the fact that specific mutations in
the a2(l) collagen promoter abolish the effect of TGF-f.

An NF1 Binding Site Mediates

the TGF-B Induced Stimulation

A deletion of about 50 bp between -~346 and -300
strongly decreases the TGF-B inducibility of this promoter.
Our previous experiments have shown that nuclear ex-
tracts of NIH 3T3 fibroblasts contain a factor that specifi-
cally binds to the sequence between -310 and -290.
This sequence, which is presented in Figure 4A, contains
an NF1 binding site on the template strand. Competition ex-
periments showed that the factor present in nuclear ex-
tracts of NIH 3T3 fibroblasts that binds to this sequence
is, in fact, NF1 (Oikarinen et al., 1987). It should be noted
that this factor is distinct from another factor, which binds
to a CCAAT sequence between —84 and -80 in the same
promoter (Oikarinen et al., 1987).

Several lines of evidence indicate that the sequence in
the a2(l) collagen promoter that mediates the effect of
TGF-B in the activation of this promoter is a binding site
for NF1. First, a 3 bp substitution mutation in the binding
site for NF1 abolishes the TGF-f inducibility of the a2(l)
collagen promoter. This same mutation also prevents the
binding of NF1 in DNA binding assays. Second, the se-
quence between -310 and -270 was used in DNA affinity
chromatography to purify factors present in rat liver nu-
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clear extracts that bind to this sequence. The SDS—poly-
acrylamide gel electrophoresis analysis of the proteins
isolated by this method shows a pattern of four to five poly-
peptides with masses between 54,000 and 65,000 daltons
(J. Oikarinen, personal communication). This pattern is
very similar to the pattern reported by others for purified
NF1 (Rosenfeld and Kelly, 1986; Jones et al., 1987). Third,
a 30 bp segment of the a2(l) collagen promoter between
-315 and —285, which centers around the NF1 binding
site, confers TGF- inducibility to the SV40 promoter, a pro-
moter that is not responsive to TGF-B. The same segment
containing a 3 bp substitution, whi{:h inhibits NF1 binding
in DNA binding assays, is unable to confer TGF-p induc-
ibility. Finally, a 16-mer oligonucleotide containing the
well-characterized NF1 binding site located at the origin of
replication of the DNA of adenovirus 2 and 5, a site essen-
tial for adenovirus DNA replication, confers TGF- induc-
ibility to the same SV40 promoter when this sequence is
placed upstream of the viral promoter. A control oligonu-
cleotide that does not contain an NF1 binding site is un-
able to confer TGF-B inducibility to the SV40 promoter
when it is inserted in the same place upstream of the pro-
moter.

TGF-B also stimulates the activity of a construct contain-
ing the a1(lll) collagen promoter. This plasmid contains a
segment of the mouse a1(lll) collagen gene between —80
and +16 that is fused to the CAT gene. We have noted that
this a.1(Ill) collagen sequence contains a typical NF1 rec-
ognition sequence around -50 (Liau et al., 1985). We
speculate that the activation of this and other promoters
such as those for the fibronectin gene, the a1(l) collagen
gene, and possibly many other genes is also mediated by
NF1 binding sites.

It should be noted that TGF-f may have additional ef-
fects on the expression of the type | collagen genes. A re-
cent report presented data that were interpreted as sug-
gesting that TGF-f also increases the stability of the RNAs
for type | collagen (Raghow et al., 1987).

Mutations in the a2(l) Collagen Promoter

The effect of TGF-B on the different deletion mutants of the
a2(]) collagen promoter varies from deletion to deletion.
Removal of the segment between —2000 and -500
lowers the extent of the induction by TGF-B, whereas a de-
letion of the sequence between -500 and —350 causes
a more pronounced stimulation in CAT gene expression
by TGF-§ than is observed with the wild-type plasmid. Still,
with another deletion, removing the sequence between
—233 and -104, a lower TGF-B inducibility is seen. This
mutant shows a low basal level of expression in the ab-
sence of TGF-B. These deletions might remove interaction
sites for DNA binding proteins that could influence the
level of activity of the promoter.

The 3 bp substitution mutation in the NF1 recognition
site, around —300 in the a2(l) collagen promoter, leads to
a surprisingly high level of CAT gene expression in NIH
3T3 fibroblasts in the absence of TGF-B. One possible in-
terpretation for this high basal level is that the mutation
has altered the DNA binding site for a repressor molecule,

and hence that NF1 may act as a negative regulator of the
collagen promoter. It is also possible that two different
regula‘t%%aitors, one a repressor molecule and the other
an activator (such as NF1), bind to the same sequence or
overlapping sequences (for instance, on two different
faces of the helix). The 3 bp substitution mutation could
alter the binding of both molecules. Alternatively, one
might consider that the 3 bp substitution has created a
new site for a positive factor and that interactions between
this new site and a putative positive factor would account
for the high basal level. This high basal level found in NIH
3T3 cells is, however, not observed after transfection of the
3 bp substitution mutation into ROS 17/2 cells. This would
suggest that NF1 does not act as a repressor in the control
of the a2(l) collagen promoter in these cells. The fact that
the SV40 early promoter becomes inducible by TGF-p af-
ter the insertion of an NF1 recognition site 5’ to the viral
promoter suggests that NF1 acts, in fact, as a positive
factor.

The stimulation of the a2(l) collagen and other promoters
by TGF-§ could be mediated either directly by NF1 itself
or by another transcriptional factor that interacts with NF1.
Alternatively, TGF-B treatment of cells might resuit in re-
moval of a factor that inhibits the activity of NF1. We have
not yet determined whether TGF-p produces an increase
in the synthesis of NF1 or a modification of NF1, or whether
TGF-p increases the synthesis of or alters another factor
that itself interacts with NF1. However, since NF1 acts both
as a transcriptional factor and a DNA replication factor, it
is tempting to speculate that NF1 itself mediates both the
changes in gene expression and the other effects of TGF-B
such as those related to cell proliferation. A multifunc-
tional polypeptide such as TGF-§ might have a cor-
respondingly multifunctional intracellular mediator such
as NF1.

Experimental Procedures

DNA Constructs

The details of the construction of several plasmids carrying deletions
in the promoter region of the mouse a2(l) collagen gene have been
reported elsewhere (Schmidt et al., 1986). In this series of plasmids a
1.1 kb BamHI fragment, containing sequences of the first intron of the
mouse a2(l) collagen gene (from position +418 to +1524 relative to the
transcriptional start site), was inserted in the direct orientation into the
BamHI site 3' to the poly(A) addition site in these plasmids. This frag-
ment contains a cell-specific transcriptional enhancer (Rossi and de
Crombrugghe, 1987). In the series of pA10CAT, chimeric constructs,
the inserts were cloned in the Bglll site of pA10CAT (Laimins et al.,
1984), immediately upstream of the enhancerless early SV40 promoter.
These constructs were used to localize the sequences within the colla-
gen promoter that are needed for transcriptional induction by TGF-8.
To clone the fragment of the mouse a2(l) collagen gene containing se-
quences between —350 and 233, pAZ1003 (Schmidt et al., 1986) was
first digested with Taql, followed by treatment with T4 polymerase to
make the ends blunt and addition of Bglli linkers. The DNA was subse-
quently digested with Bglll, and the 120 bp Bgl! fragment was isolated
and cloned into the Bglil site of pA10CAT,. The four double-stranded
synthetic oligonucleotides cloned in pA10CAT, contained a Bglll co-
hesive end on the 5 side and a BamHI cohesive end on the 3’ side of
the coding strand. After hybridization, the complementary oligonucleo-
tides were phosphorylated at their 5’ ends with T4 polynucleotide ki-
nase and ligated to the pA10CAT, vector, which had been linearized
with Bgill and treated with alkaline phosphatase. The copy number and
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the orientation of the inserts were determined by restriction analysis.
All plasmids were grown in Escherichia coli N38 and banded twice in
cesium chloride. Plasmid preparations contained less than 5% RNA
and consisted essentially of supercoiled DNA, as assayed by agarose
gel electrophoresis.

DNA Transfections

Mouse NIH 3T3 fibroblasts were routinely maintained in DMEM con-
taining 10% calf serum. ROS 17/2 cells (a kind gift of Dr. Luisa Brandi,
NIH) were maintained in a 1:1 mixture of DMEM and HAM F12 contain-
ing 5% fetal bovine serum. Both cell lines were kept in 8% CO, and
plated approximately 15 hr before transfection at a density of 0.7 to 0.9
% 108 cells in 10 cm diameter plastic dishes. Transfections were per-
formed essentially as previously described (Schmidt et al., 1985) using
10 ng of plasmid DNA in 1 mi of a CaPO, coprecipitate. Four hours af-
ter DNA addition, the cells were treated with glycerol and the medium
was replaced by DMEM without serum. Four hours later hormones
were added at the concentrations indicated in the figure legends. A sin-
gle suspension of DNA coprecipitate was used each time for both the
TGF-f and control dishes. TGF-p was resuspended in a solution con-
taining 4 mM HCI and 10 mg/ml BSA. An equal volume of the carrier
solution was added to the control plates. Cells were harvested 40 to
42 hr after transfection and assayed for CAT activity as previously de-
scribed (Gorman et al., 1983). CAT activities were expressed as cpm
of acetylated chloramphenicol per mg protein per hr. Approximately 1
x 10% cpm was input per assay.

In the experiments reported here, serum was removed from the cul-
ture medium before addition of TGF-p. This was done to examine the
effects of the growth factor in the absence of other hormones normally
present in serum. However, the effect of TGF- is still detectable in the
presence of either 0.1% or 1% calf serum. in NIH 3T3 fibroblasts but
not in ROS 17/2 cells, the levels of CAT activity in the absence of TGF-f
increase when serum is present, although the absolute level of CAT
activity after TGF-p treatment remains approximately the same. We
suspect that ROS 17/2 cells and NIH 3T3 fibroblasts respond differently
to the balance of factors present in serum that act positively and nega-
tively to influence the a2(l) coliagen promoter.

RNA Analysis

RNA was isolated from control and treated cells by the guanidine thio-
cyanate-cesium chloride method (Chirgwin et al., 1979). The concen-
tration of the RNAs was determined from the absorption at 260 nm.
The integrity and concentrations of the RNAs were verified by formal-
dehyde-agarose denaturing gel electrophoresis. For the Northern hy-
bridization experiments 2-10 ug of total RNA was fractionated on 1%
agarose-formaldehyde gels and transferred to Nytran membranes ac-
cording to the directions of the manufacturer. Hybridizations were per-
formed for 18 hr at 42°C in 50% formamide. Filters were washed at
65°C in 0.1x SSC, 0.1% SDS. For the primer extension assays 50 pg
of total RNA was hybridized with an excess of a 5-end-labeled, singie-
stranded antisense oligonucleotide complementary to the sequences
from +73 to +96 in the mouse a2(l) collagen RNA. The hybridization
was performed at 50°C for 8 hr. The conditions for reverse transcription
and electrophoretic analysis of the cDNA products (6.5% acrylamide~7
M urea gels) were as previously described (Schmidt et al., 1986).

Generation of Plasmid pG3

Site-specific mutagenesis was performed according to the method of
Kunkel (1985). Briefly a 240 bp Bglll-Smal fragment of pR40 was in-
serted into the replicative-form DNA of M13mp19 phage. Uridine-
containing phage DNA was produced by growing the recombinant
phage in dut™ ung™ E. coli. A 30 bp synthetic oligonuclectide contain-
ing a 3 bp substitution mutation in the NF1 binding site was hybridized
with single-stranded phage DNA and extended with DNA polymerase
1. The product of the reaction was used to transform competent dut*
ung* E. coli. Recombinant plagues were screened by dideoxy se-
quencing. After isolation of replicative-form DNA corresponding to a
positive plaque, the mutated Bglll-Smal fragment was reinserted into
the original pR40 vector in place of the wild-type Bglli~Smal fragment,
generating plasmid pG3.

Hybridization Probes
The mouse a2(l) collagen probe is an 850 bp Xhol-EcoRlI fragment

from pAZ1003 (Schmidt et al., 1986). The human a1(lll) collagen probe
is a 1 kb Pvulll-Pvul insert of plasmid RJ5 (Loidl et al., 1984). The hu-
man «2(V) collagen probe is a 1.4 kb Pstl insert of plasmid NH20
(Myers et al., 1985). The rat fibronectin probe is a 0.5 kb EcoRlI frag-
ment from Arlf1 (Schwarzbauer et al., 1983). Probes were labeled with
32P py nick translation.

DNAase | Footprints

DNA fragments were obtained from plasmids pR40 and pG3. The plas-
mids were digested with Bgll\; reditéd with alkdline phosphatase (from
calf intestine), labeled with.[y*2P]ATP, ahd digésted with Taql. The
117 bp fragments (cofresponding to seguences from -350to —233 in
the promoters) were’isolated on nondenaturing acrylamide gels, ex-
tracted in 0.5 M ammonium acetate, 10 mM magnesium acetate, 1 mM
EDTA, 0.1% SDS, and concentrated by ethanol precipitation. DNA
binding reactioris were performed in a final volume of 50 pl in 60 mM
NaCl, 5 mM MgCly, 0.1 mM EDTA, 15 mM Tris-HCI (pH 75), 0.5 mM
DTT, 5% glycerol (WN), for 20 min at room temperature with 05 ng
(~5000 cpm) of labeled fragment, in the presence of 50 ng (Haelll-
digested) ®X174 DNA and 20 ng tRNA. Samples were incubated either
with or without 15 ug protein of a nuclear extract prepared from rat liver
nuclei. The extract had been partially purified on heparin-agarose,
and concentrated and desalted by PEG precipitation (a kind gift of Paul
Golumbek, The University of Texas System Cancer Center). DNAase
| digestion was performed at room temperature for 90 min by addition
of 5 ul of a solution containing 0.1 M MgCl, and 0.1 M CaCl,, and 5
wl of a 1:750 dilution from a 1 mg/ml stock solution of DNAase | (Wor-
thington), freshly prepared in 10 mM Tris-MCl (pH 7.5), 50 mM NaCl,
1 mg/ml BSA. The same amount of DNAase | was used in control sam-
ples and in samples preincubated with the extract either in the pres-
ence or absence of competitor double-stranded oligonucleotides.
Reactions were stopped with 10 ul of 5% SDS, 0.125 M EDTA, extracted
twice with phenol-chloroform, ethanol precipitated, washed with 80%
ethanol, dried, resuspended in 95% formamide buffer, heat dena-
tured, and loaded on a 6% acrylamide~7 M urea gel. Gels were fixed,
dried, and exposed at —70°C for 2 days with intensifying screens.

Growth Factors

All experiments were performed with TGF-B1 unless noted otherwise.
Human TGF-B1 was purified from platelets (Assoian et al., 1983). Por-
cine TGF-B2 was obtained from R&D Systems (Minneapolis, MN). Mu-
rine EGF was purified as described by Roberts et al. (1981). Porcine
PDGF was obtained from Bethesda Research Laboratories, and bo-
vine FGF was a gift from Andrew Baird (Salk Institute).
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