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Abstract

The protein encoded by the protooncogene c-jun, included in
the activator protein-1 (AP-1) complex, is probably the critical
trans-acting factor controlling transcription of the procolla-
genase gene which is rate limiting for subsequent synthesis of
procollagenase. Therefore, to elucidate possible mechanisms
whereby IL-1 stimulates procollagenase synthesis, we mea-
sured levels of c-jun and procollagenase mRNAin human
serum-starved dermal fibroblasts in response to human recom-
binant IL-1iB (hrIL-1lf). hrIL-fl or serum induced rapid in-
creases in c-jun mRNAlevels; mRNAlevels declined rapidly
after hrIL-lf? and more slowly after exposure to serum. The
increases in levels of c-jun mRNApreceded the increases in
procollagenase mRNA. Whereas the increases in levels of
procollagenase mRNAwere blunted by cycloheximide, those
of c-jun mRNAwere enhanced. Weinterpret these results as
follows: Il-1 or serum induce transcription of c-jun by mecha-
nisms independent of new protein synthesis; c-JUN, the pro-
tein product of c-jun in the AP-1 complex, is an essential medi-
ator of the effects of IL-1 or serum in the subsequent induction
of expression of the procollagenase gene.

Introduction

Levels of mRNAas well as synthesis and secretion of procol-
lagenase (proC)' are stimulated by inflammatory cytokines
such as IL-1 (1-7) or tumor necrosis factor-a (TNF-a) (8) as
well as phorbol esters (5, 6, 9, 10). The mechanism by which
proC gene transcription is modulated by phorbol esters in-
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1. Abbreviations used in this paper: AP-1, activator protein-l; ;2-m,
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TNF, tumor necrosis factor; TPA, 1 2-O-tetradecanoyl-phorbol- 13-ac-
etate.

volves binding of a nuclear protein to a responsive DNAse-
quence element, 1 2-O-tetradecanoyl-phorbol- 1 3-acetate
(TPA) responsive element, in the 5' flanking region of the
procollagenase gene (11). A trans-acting factor identified as
activator protein-1 (AP-1) binds to this TPA responsive ele-
ment with high affinity. The protein product of the c-jun pro-
tooncogene, c-JUN, is that component of AP- 1 that accounts
for the DNAbinding; binding of c-JUN is enhanced by for-
mation of a complex with the product of the c-fos protoonco-
gene (12-19).

IL- 1 has previously been found to increase the levels of the
mRNAof the protooncogene c-fos in quiescent human fore-
skin fibroblasts (20). Wetherefore conducted experiments to
determine if levels of c-jun mRNAare also increased by IL- 1.
Weargued further that if the synthesis of a trans-acting pro-
tein(s) is required for expression of the proC gene, then inhibi-
tion of protein synthesis should inhibit or diminish transcrip-
tion of this gene. To test this hypothesis we exposed resting
human dermal fibroblasts to human recombinant IL-1:
(hrIL- 1I) and analyzed the levels of c-jun and proC mRNAin
the presence and absence of cycloheximide (CHX). Wealso
investigated whether serum, which contains factors that stimu-
late c-jun expression (21, 22), would induce proC gene expres-
sion. Weobserved a rapid transient increase in the levels of the
mRNAfor c-jun after exposure to hrIL- 1 and a more pro-
longed increase after serum. The levels of the mRNAfor proC
induced by hrIL- 13 or serum were blunted by CHX, whereas
those for c-jun were augmented.

Methods

Confluent cultures of human foreskin fibroblasts at passage 6-7 or
13-15 were grown at 370C in humidified 95% air/5% CO2and DME,
pH 7.0 (Gibco Laboratories, Grand Island, NY), supplemented with
10% FCS (Sigma Chemical Co., St. Louis, MO), with changes of me-
dium twice each week. For serum starvation, confluent cultures were
maintained in 0.5% FCS for 48-52 h before experiments. hrIL-113 and
human recombinant TNF-a (hrTNF-a) were gifts of Biogen (Cam-
bridge, MA); specific activities were 4 X 107 U/mg and 9.6 X 106
U/mg, respectively. CHXwas obtained from Aldrich Chemical Co.
(Milwaukee, WI). Total cellular RNAwas extracted according to
Cathala et al. (23). The samples were stored at -20'C before size
fractionation in 1%agarose/3.7% formaldehyde gels for Northern anal-
ysis. rRNA was stained with ethidium bromide and visualized under
ultraviolet light. The RNAwas transferred (24) to nitrocellulose filters
(Schleicher & Schuell, Inc. Keene, NH). All probes were phenol/chlo-
roform/isoamylalcohol (25:24:1, vol/vol/vol)-purified inserts, ob-
tained after restriction enzyme digestion of the total plasmid, size
fractionation, and electroelution. The vector pGENM4, containing the
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open reading frame of v-jun as an insert of 1.0 kb, was a gift of Dr.
K. Struhl, Harvard Medical School, Boston, MA(25). A subclone of
the proC cDNAclone, K4, containing 0.6 kb of the full-length proC
cDNA clone, pCllasel, was a gift of Dr. H. J. Rahmsdorf, Kernfor-
schungszentrum Karlsruhe, Karlsruhe, FRG(10, 11). A 0.6-kb human
#2-microglobulin (/B2-m) cDNAprobe was provided by Dr. S. Gattoni-
Celli, Harvard Medical School, Boston, MA (26). The probes were
labeled with [a-32P]deoxyribonucleotidetriphosphates (Amersham
Corp., Arlington Heights, IL) by nick translation (27). Prehybridiza-
tion and hybridization in 50% formamide were carried out at 420C
(28). Final washes were in 0.5X standard saline citrate (SSC; 1X SSC
= 0.15 Msodium chloride and 0.015 Msodium citrate, pH 7.0), 0.1%
SDSat 650C. Autoradiography was performed at -80'C using Kodak
X-Omat AR films (Eastman Kodak Co., Rochester, NY) and Cronex
Hi-Plus intensifying screens (DuPont Instruments, Wilmington, DE).

Results

Effects of hrIL-113 on levels of c-jun mRNA. Addition of
hrIL-l# (0.1 ng/ml [Fig. 1 A] or 1.0 ng/ml [Fig. 1 B]) to
serum-starved human fibroblasts led to a rapid increase in
c-jun mRNAlevels. Constitutive expression of c-jun was ob-
served in serum-starved fibroblasts after longer exposure of the
filter (not shown). The increase in levels of c-jun mRNAafter
stimulation with hrIL- I# was maximal at 1 h and then rapidly
decreased, returning to baseline between 3 and 6 h. The pat-
tern of the kinetics was similar in cells that were not serum
starved (not shown). FCS(10%) also induced a rapid but small
increase (20% that of hrIL- lI3 at 0.1 ng/ml 1 h after addition)
in levels of c-jun mRNAin serum-starved fibroblasts; these
levels remained elevated longer than with IL- 1 (data not
shown). Since class I histocompatibility antigens are expressed
on the surface of most somatic cells, we measured levels of the
mRNAfor f32-m as a potential standard (Fig. 1 A). Although
the levels of f2-m mRNAdid not significantly change over the
first 3 h after addition of hrIL- l# (0.1 ng/ml), they were in-
creased after 6 h and were still increasing by 24 h. The levels of

c-jun mRNAwere quantitated as shown in Fig. 1 C. Since
hrIL-l I also affected the levels of #2-m mRNA, it was possible
to use measurements of its abundance as internal reference
only for the first 3 h of incubation. Incubation with CHX(10
,gg/ml) resulted in augmentation in levels of c-jun mRNAafter
stimulation with hrIL- I# (Fig.. 1 A, lane 7; Fig. 1 B, lanes 7-9)
or FCS (10%, not shown). This augmentation was also ob-
served in serum-starved cells incubated with CHXalone, al-
though less pronounced (e.g., ratio of CHX:hrIL- I, plus CHX
at 6 h was 1:9.5). In an additional experiment, serum-starved
fibroblasts were incubated with hrTNF-a (30 ng/ml) and the
levels of c-jun mRNAdetermined after 30 min exposure (Fig.
2). hrTNF-a also induced an increase in c-jun mRNAlevels
(Fig. 2, lane 3), whereas levels of 032-m mRNAdid not change
significantly.

In these experiments, two transcripts of c-jun were ob-
served in the fibroblasts exposed to hrIL- lI, hrTNF-a, or
serum, a major 2.7-kb and a minor 3.4-kb species. These tran-
scripts are consistent with those described previously in HeLa
cells (15) and BALB/c 3T3 cells and are accounted for by
variations in polyadenylation at the 3' end of the mRNAs(22).
For comparative purposes we also assayed for jun mRNAin a
malignant cell line, since neoplastic cells frequently express
protooncogenes constitutively. mRNAwas detected (Fig. 2,
lane 4) in the human colonic tumor cell line, HCT- 15 (29). In
these cells, the intensity of the 3.4-kb transcript was low,
whereas the intensity of the 2.7-kb mRNAspecies and a
mRNAspecies of 2.0 kb was similar. The presence of the
smaller transcript is probaby accounted for by cross-hybridiza-
tion of the v-jun probe with the mRNAof the related pro-
tooncogene, jun B (30).

Effects of hrIL-IJ on levels of proC mRNA. After addition
of hrIL-lB (0.1 ng/ml [Fig. 3 A] or 1.0 ng/ml [Fig. 3 B]) to
serum-starved fibroblasts, there was a gradual increase in the
levels of proC mRNA, clearly detectable by 2 h. The increase
was still present at 24 h. Quantitation of the levels of proC
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c-JW Figure 1. Levels of c-jun mRNAin serum-starved fibroblasts. Cells were exposed to 0.1 (A) or 1.0 ng/ml (B)

hrIL-lI3 added at zero time. In A, 20 ,ug of total cellular RNAwas loaded in each lane and in B, 10 ,ug. Films
were exposed for 2 (A) and 8 d (B). Specific activities of the v-jun probes were 6.8 X 108 (A) and 9.4 X 107
cpm/jsg (B). Addition of CHX(10 ,ug/ml) is shown in brackets. Quantitation of levels of mRNAof c-jun in
fibroblasts exposed to hrIL- I , (0.1 ng/ml) is shown in C. Intensity of bands, determined for different expo-
sures of the autoradiograms, was quantitated with a laser beam densitometer (Biomed Instruments Inc., Ful-
lerton, CA) and normalized for variation in loading of RNA. All values in A and B are expressed in arbitrary

-i H6 °-2 density units also correcting for differences in exposure time of films so that values were in the linear range
Hours of the densitometer.
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crease in the levels of proC mRNA(Fig. 4). The effect of 20%
FCS on levels of proC mRNAat 6 h was comparable to that
observed with 0.1 ng/ml of hrIL- lI (Fig. 4, lanes 5 and 6).
CHX(10 ,g/ml) also decreased the levels of proC mRNAin
cells exposed to 10% FCS (Fig. 4, lane 4) consistent with the
results obtained with hrIL- If. FCS had no effect on #2-m
mRNAlevels.

Discussion

P2-m -1.2 kb
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Figure 2. Levels of c-jun mRNAin serum-starved fibroblasts (lanes
1-3) and a human colonic tumor cell line, HCT-1 5 (lane 4). After 48
h in 0.5% FCS (lane 1) the fibroblasts were incubated for 0.5 h with
hrTNF-a (30 ng/ml, lane 3) or 0.5% FCS (lane 2). 40 ,g total cellular
RNAwas loaded in lanes 1 and 2, 20 ,g in lane 3, and 20 .g poly
(A)+ RNAin lane 4. Film was exposed for 1 d. Specific activity of
the v-jun probe was 1.5 X 109 cpm/,ug.

mRNAis shown in Fig. 3 C. CHX (10 ug/ml) significantly
decreased the levels of proC mRNAin serum-starved cells
exposed to hrIL- l 3 (Fig. 3 A, lane 7; Fig. 3 B, lanes 6-8). In the
absence of other stimuli, CHXdid not alter the levels of proC
mRNA(not shown). CHXhad no effect on levels of 32-m
mRNAafter addition of hrIL- l , (Fig. 3 A, lane 7). It should be
noted that even at the observed peak of stimulation, the levels
of abundance of c-jun mRNAwere low compared with those
of proC mRNA(Figs. 1 Cand 3 C).

Effects of serum on levels ofproC mRNA.After exposure of
serum-starved human fibroblasts to serum there was an in-
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It had previously been shown that the increased levels of colla-
genase activity in medium from cells exposed to IL- I could be
accounted for by increased synthesis of proC (2, 3) associated
with marked increases in the levels of proC mRNA(5-7). The
analogous stimulation induced by TPA is accounted for by
increased transcription of the proC gene as well as increased
stability of its mRNA(31). It is likely that the effects of IL- 1
and other cytokines such as TNF-a are also explained by tran-
scriptional activation.

Possible candidates for transcriptional regulation of genes
such as proC are nuclear oncoproteins. For example, IL-la,
TNF-a, and FCS have all been reported to increase the levels
of c-fos and c-myc mRNAin human foreskin fibroblasts (20).
The synthesis of c-FOS is essential for transcriptional activa-
tion of the proC gene induced by TPA (32). In NIH 3T3,
HepG2, and HeLa cells, TPA also increases levels of c-jun
mRNAas well as c-JUN (21, 33). As discussed earlier, AP-1,
which includes the proteins c-JUN, c-FOS, and FOS-related
antigens, is involved in the activation of proC gene transcrip-
tion induced by TPA (12-19).

IL- 1, TNF-a, and serum, all of which induce expression of
c-jun and c-fos in human fibroblasts, could therefore trigger
proC gene expression through mechanisms similar to those of
TPA. Our observations that increases in the levels of c-jun
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Figure 3. Levels of proC mRNAin serum-starved fibroblasts. Cells were exposed to 0.1 (A) or 1.0 ng/ml
(B) hrIL-1,B added at zero time as in Fig. 1. Addition of CHX(10 gg/ml) is shown in brackets. Films were
exposed for 1 (A) and 8 d (B). Specific activity of the proC cDNAprobe used in A was 2.4 X 108 cpm/Jtg
and in B 1.7 X 107 cpm/gg. 5 jug total cellular RNAwas loaded in each lane. Quantitation of mRNAof

6 24 proC in fibroblasts exposed to hrIL- l, (0. 1 ng/ml) is shown in C. Arbitrary density units were calculated
as in Fig. 1 C.
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Figure 4. Levels of proC mRNAin serum-starved fibroblasts exposed
to 10 (lanes 2, 3, and 8) or 20% FCS (lane 5) added at zero time. For
comparison, one of the fibroblast cultures was incubated with
hrIL-l # (0.1 ng/ml) for 6 h (lane 6). Addition of CHX(10 tg/ml) is
shown in lane 4. Film was exposed for 8 d. 5 ,ug total cellular RNA
was loaded in each lane. Specific activity of the proC cDNA probe
was 1.7 X I07 cpm/,g.

mRNAprecede those of proC mRNAand that inhibition of
protein synthesis by CHXblunts the increases in the levels of
proC mRNAinduced by IL- I or serum in serum-starved fibro-
blasts are consistent with the concept that another transcrip-
tional event that ultimately results in the synthesis of trans-ac-
tivators such as c-JUN and c-FOS precedes the activation of
proC gene transcription by IL- 1 or serum under these condi-
tions. CHX also blunts the increases in the levels of proC
mRNAafter TPA stimulation in human fibroblasts (10). Inhi-
bition of protein synthesis has been shown to block c-JUN
synthesis induced by TPA in HeLa cells (33) and abolish the
mobility shift seen after TPA stimulation of NIH 3T3 cells
assayed using nuclear extracts and binding to an oligonucleo-
tide with the AP- 1 binding consensus sequence (34). The tran-
scriptional regulation of the prostromelysin (transin) gene in
rats is similar to that of the human proC gene (35). Both genes
are members of the same family (36, 37), contain the AP-1
binding sequence element (35), and are inducible by IL-1 (7).
Epidermal growth factor, an inducer of transin, also activates
c-jun in rat fibroblasts (38); proC synthesis by human fibro-
blasts stimulated with epidermal growth factor is also blocked
by actinomycin D or CHX(39). The increases in the levels of
132-m mRNA,which we observed only after 6-24 h exposure of

the fibroblasts to hrIL- lI3, were unexpected. In endothelial
cells, surface expression of the heavy chains of the class I histo-
compatibility antigens is not altered by IL-1 (40) although
surface expression and levels of their mRNAsare increased by
TNF-a (41). In the present study, in contrast to proC mRNA,
the levels of ,2-m mRNAenhanced by IL- I were not decreased
by the addition of CHX; the presumptive increase in fB2-m
gene transcription induced by IL-l therefore probably is not
dependent on new AP- I synthesis.

In conclusion, our data are consistent with the concept that
at least under conditions of serum starvation, transcription of
c-jun and new synthesis of the trans-acting protein c-JUN are
involved in the mechanism of transcriptional activation of the
proC gene by factors such as IL-lIi, TNF-a, or components
present in serum. In contrast, the activation of c-jun transcrip-
tion induced by these ligands would not require new protein
synthesis since levels of c-jun mRNAare increased rather than
decreased by CHX. These increases in levels of c-jun mRNA,
therefore, result from either direct transcriptional effects of
these ligands or more likely from posttranslational modifica-
tion (e.g., phosphorylation) of a preexisting trans-acting pro-
tein(s). Since c-JUN can function as an activator of its own
gene (33), IL- I could effect initiation of transcription of c-jun
through the formation of a heteropolymer of preexisting
c-JUN, c-FOS, and FOS-related antigens.
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